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I 

Abstract 

This review surveys the experimental and theoretical sit-

uation concerning charge states and charge changing cross sec-

tions of heavy ions with atomic numbers primarily between 18 

and 92, inclusive, which penetrate through gaseous and solid 

targets with velocities in the range v < v < Zv (v = e /n = 
o o o ' 

o 

2.188 x 10 cm/sec). The published literature is covered 

through August, 1971. General physical and mathematical rela-

tions are outlined which describe the composition of charge 

states in a heavy ion beam which passes through matter. Recent 

experimental techniques and methods of data analysis are sum-

marized. Extensive experimental results on heavy ion equili-

brium charge state distributions, average equilibrium charge 

states, and cross sections for capture and loss of one or more 

electrons in single encounters with target atoms is presented 

and critically examined in detail. The data extends to ions 

as heavy as uranium and energies up to ̂ 200 MeV. Systematic 

trends are emphasized and generalizations are discussed which 

allow interpolations and to some extent extrapolations of the 

data to be made to ranges which have not been investigated ex-

perimentally. Attention is given to the cross sections for 

multiple electron loss which are relatively large but which 

are poorly understood. We deal with effects of residual ion 

excitation on charge changing collisions in the light of recent 

experimental results. It is shown that the average equilibrium 

charge of heavy ions can be approximated by utilizing both the-

oretical concepts which originate from the work of Bohr and 



Lamb, and semi-empirical relations which are based on observed 

regularities of the data. Recent interpretations of phenomena 

associated with density effects, i.e. with the increase of pro-

jectile ionization which is observed for increasing target den-

sities, are scrutinized and refinements of the theory by Bohr 

and Lindhard are explored. 
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I. Introduction 

The charge of high speed ions passing through matter 

fluctuates due to electron capture and loss processes which 

occur with high probabilities in ion-atom collisions. Interest 

in these charge changing phenomena developed from early studies 

of alpha rays and fission fragments, and has grown considerably 

since energetic beams of heavy ions in high charge states became 

available from particle accelerators. The most recent attention 

has been stimulated in connection with the design of new power-

ful heavy-ion accelerators in which charge exchange plays an 

essential role. Besides practical demands for the prediction 

of ionic charge states and charge changing cross sections of 

fast heavy ions, it has been realized for a long time that the 

study of charge states, i.e. of electron capture and loss pheno-

mena is an important source of information about atomic colli-

sions and processes in complex atomic systems. 

The purpose of the present article is to review experi-

mental results and theoretical approaches concerning the formation 

of charge states of heavy ions in collisions with target atoms in 

dilute gases, dense gases, and solids. Throughout this paper, 

emphasis is given to projectiles with atomic numbers in the 

range 18 < Z - 92 and the notation "heavy ion" refers to ions 

in that range. However, since systematic trends of certain 

ion properties extend beyond that range, we will sometimes 

refer to experimental and theoretical results obtained for ions 
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with Z - 18. Heavy ion velocities of present interest lie in 

2 4- 8 \ 
the range v < v < Zv (v = e / h = 2.188 x 10 cm/sec). This J o o o ! ' 

implies that we deal in most cases with those ions which are highly 

ionized, but which still carry many electrons in their atomic 

shells. The interactions between these partially stripped ions 

and matter are extremely complicated, and are difficult to predict. 

The lack of adequate comprehensive theories often necessitates 

us to pursue a phenomenological approach. We emphasize, therefore, 

the description and illustration of typical experimental results, 

and reproduce important portions of the reviewed data on average 

equilibrium charge states in gaseous and solid targets and charge 

changing cross sections in tabular and graphical form. 

The first specific theoretical interest in charge states 

of heavy ions arose in connection with studies of velocity-

range relations for fission fragments. In order to estimate 

the energy loss of the fragments it appeared necessary to cal-

culate their ionic charge states at all velocities during the 

slowing down process. Such calculations have been performed by 

Lamb (1940), Bohr (1940, 1941), Knipp and Teller (1941), and by 

Brunings, Knipp and Teller (1941). In a well-known treatise, 

Bohr (19 48) presented a first extensive theory of charge chang-

ing processes, including some rough estimates for electron 

capture and loss cross sections for fission fragments. Those 

parts of that theory which deal with heavy ions have been re-

fined by Bohr and Lindhard (19 54), including an attempt to ac-

count for the density effects observed by Lassen (1951a, 1951b). 
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Some numerical calculations of charge changing cross sections 

have been carried out for fission fragments by Bell (1953). 

The first data on the charge exchange of heavy ions has 

been obtained from the studies of uranium fission fragments. 

Lassen (1951a, 1951b) investigated ionic charge state distri-

butions for the light group (Z = 38, v - 6v ) and for the 

heavy group (Z - 54, v = 4v ) of fission fragments passing 

through various gaseous and solid targets. He was the first 

to observe the theoretically expected density effects which 

have become quite important in the field of heavy ion 

stripping: higher degrees of ionization are obtained when 

ions emerge from solids instead of from gases (density effect 

in solids, see Sec. VI.2), and when the pressure of the target 

gas is increased (density effect in gases, see Sec. VI.1). 

In the following years, experimental studies of charge exchange 

processes were limited almost entirely to ions with Z - 18. 

It is not surprising that hydrogen and helium projectiles have 

been investigated most extensively. These ions are readily 

available and are easily stripped to the bare nucleus at ener-

gies below 100 keV and 1 MeV, respectively. A review of experimen-

tal results on charge changing collisions of hydrogen and helium 

atoms and ions at velocities above 0.045 v (E>0.2 keV) has been 

given by Allison (1958). A summary of additional data on hydrogen, 

helium and some heavy ions including fission fragments has been 

prepared by Allison and Garcia-Munoz (1962). Nikolaev (1965) 

reviewed experimental and theoretical studies of electron capture 
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and loss by ions which lie primarily in the range 3 - Z - 18, 

and he systematized and generalized many of the results which 

were available at that time. His comprehensive article contains 

useful background information for the present review. 

Heavier ions with high velocities were not investigated 

in detail until cyclotrons and linear accelerators could be 

utilized to produce mono-energetic beams of a great variety 

of heavy ions. Since 1962, systematic data on heavy ions up 

to uranium, inclusive, with energies ranging from ^ 1 MeV to al-

most 200 MeV has been accumulated mainly by using tandem van de 

Graaff accelerators by research groups at Heidelberg in Germany, 

Oak Ridge, Burlington and Cambridge in the United States. The 

experimental results obtained by these groups represent a signi-

ficant fraction of the recent data which is relevant to this 

review. Extensive information is now available about ionic 

charge state distributions and average equilibrium charge states 

of heavy ions passing through gases and solids. For a long time, 

data on electron capture and loss cross sections has been sparse 

and disconnected, but in recent years a number of detailed mea-

surements of charge changing probabilities have been carried out 

for a few selected projectiles and targets such as, for example, 

bromine and iodine stripped in hydrogen, helium, nitrogen, and 

oxygen. However, especially at energies above ^ 60 MeV, more sys-

tematic work remains to be done before a sufficiently complete 

picture is attained. 

In this review we have attempted to give a comprehensive 
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and critical survey of the published literature about charge 

states and charge changing cross sections of fast heavy ions. 

The review covers the literature up to August, 19 71. We have 

concentrated on the discussion of those charge changing colli-

sions which occur with relatively large probabilities and affect 

essentially all beam particles penetrating through a target. 

This implies that we exclude the discussion of collisions with 

very small impact parameters in which the projectiles are scat-

tered out of the main direction of the beam, and which give 

rise to heavy ion induced inner-shell excitation phenomena. 

Furthermore, questions concerning the energy loss of heavy ions 

are, though related, not subject of the present review and 

receive only passing attention. 

Section II summarizes the most important purely mathe-

matical relations between charge state populations, target 

thickness, and charge changing cross sections. Section III 

surveys experimental methods and techniques of data analysis. 

Section IV presents the theoretical and experimental results 

on cross sections for loss and capture of one c.- more electrons; 

systematic trends are pointed out and the need for substantially 

improved theories is demonstrated. In Section V we focus on 

various aspects associated with equilibrium charge state distri-

butions. It is shown that average equilibrium charge states 

can be approximated both theoretically on the basis of simple 

physically reasonable though relatively arbitrary assumptions, 

and empirically on the basis of general experimentally observed 
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regularities. Section VI deals with the density effects. It 

includes the discussion of discrepancies between theory and re-

cent experimental observations and a possible solution. A list 

of the most frequently used symbols is given in the appendix, 

Section VII. 



Mathematical Description of the Equations for 

Charge Changing Processes. 

Differential Equations for Charge State Nonequilibrium 

Charge State Equilibrium 

Relations between Charge Changing Cross Sections 

and Equilibrium Charge State Distributions. 
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II.1 Differential Equations for Charge State Nonequilibrium. 

When an ion of charge q collides with atoms or molecules of a 

target gas, the ion may capture or lose one or more electrons on 

each encounter. The probabilities for these processes are des-

cribed by cross sections a(q,q'), where q and q' denote the charge 

which the ion carries before and after a single charge changing 

collision. Very often, and especially in theoretical investi-

2 
gations, a is given in units of cm /atom; in the following, 

2 

however, we prefer units of cm /molecule mainly because charge 

exchange in complex target molecules is frequently discussed. 

Cross sections are sometimes written in the form a(q,q±n), where 

positive and negative signs characterize electron loss and capture 

by the ions, respectively, and in the form a(q,q+n) with positive 

and negative values of n for loss and capture, respectively. It 

is also customary to use subscripts in order to distinguish cross 

sections for capture (a ) and loss (a.). Values |nj =1 refer to 

single loss and capture cross sections, i.e. to collisions in which 

the ion captures or loses only a single electron, and |n|>1 refers 

to multiple capture and loss cross sections, i.e. to single coll-

isions in which the ion captures or loses more than one electron. 

According to experimental evidence, capture of more than one 

electron is mostly a relatively unlikely process, whereas simul-

taneous loss of several electrons in a single collision is a very 

probable process which can not be neglected especially for heavy 

ions penetrating through heavy gases. Apart from their dependence 

on q and n, cross sections may vary strongly with nuclear charge 

and velocity of the projectiles, and with the nuclear charge of 
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the target atoms. 

The variation of the charge composition of an ion beam pene-

trating through a gaseous target is described by a system of linear 

coupled differential equations, 

dYq(x) 

= <^Lq'[a<<*,'<a>Yq« (x) ~ 0(q,q')Y (x)J , (2.1) 
d x — q-L «* — q- — q 

where Y denotes the fraction of the ions which carries the charge q q 

(̂/ Y(q) = 1), and x, depending on the units chosen for a, 

2 2 

stands for the number of atoms/cm , or molecules/cm in the 

path of the ions. In principle, q and q1 may vary within the 

range -1 < q <_ Z; however, actual charge distributions show a 

limited width and most of the values Y are exceedingly small. 

For practical purposes, it is usually sufficient to retain a num-

ber of charge states which, depending on Z, lies between ^10 and 

^15. In particular, since the ion velocites of present interest 

are not smaller than v , the terms Y , will always be neglected. 

Though the purely mathematical derivation of Eq. (2.1) is 

straight forward and needs no lengthy explanation, it is important 

to point out some restrictions for its use. Eq. (2.1) takes into 

account only those collisions in which the charge of the ions is 

really changed, and it does not include elastic collisions or 

encounters which lead only to excitation of the ions. Also 

excluded are processes in which, for example, one electron is 

captured and lost shortly thereafter, perhaps as the result of 

an Auger process, before the ion undergoes another collision or 

enters the charge analysing system. It is further assumed that 
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the gas target is sufficiently diluted so that the ions, possibly 

excited in collisions, have always enough time to return to their 

ground state before any subsequent charge changing collision 

occurs. Then / all cross sections a(q,q') in Eq. (2.1) are strictly 

associated with the ground state of ions with charge q. In addi-

tion, it is necessary that the target is so thin that the average 

energy loss per ion in the target is negligible. Finally, it is 

assumed that the beam which emerges from the target is observed 

essentially in the forward direction. We do not deal with the 

angular dependence of the cross section. Provided that the above 

conditions are met, all probabilities a(q,q';v,Z,Z ) are con-

stant for a given set of the indicated parameters and represent 

a consistent set which allows to integrate Eq. (2.1) and, for 

given initial conditions, to predict the variation of the charge 

fractions along the path of the beam. In addition, the two 

methods of increasing x by (i) increasing the length of the target 

cell at constant gas pressure and (ii) increasing the gas density 

within a cell of constant length are equivalent. 

When only a few charge states are influential, simple analy-

tical solutions of Eq: (2.1) can be found. Examples for a three-

component system have been given by Allison (19 58). For fast 

heavy ions where many more charge states are important, a 

numerical integration is convenient. Since the accuracy, 6Y/Y, 

of the computed charge fractions must not necessarily be better 

than ^0.1% a simple Runge-Kutta integration is adequate. Figs. 

2.1 and 2.2 show examples of calculated non-equilibrium charge 

state distributions for 15-MeV iodine ions passing through 
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dilute oxygen gas. Fig. 2.1 illustrates a typical behaviour of 

the growth curves Y (x). For example, charge fractions which are 

small at low target thicknesses increase steadily until they reach 

at most one maximum, decrease by varying amounts and approach an 

equilibrium value. Fig. 2.2 demonstrates the different shapes 

of charge state distributions Y (q). 

Without significant modifications, Eq. (2.1) can not be 

used for a description of charge exchange in dense gaseous targets 

or in solids. We will show in Sec. VI that especially in gaseous 

equilibrium targets the conditions for having a "dilute" 

target are extremely difficult to realize. At present, the many 

open questions primarily concerning excitation and deexcitation 

processes preclude to suggest the required practical modifications 

of Eq. (2.1). 

II.2 Charge State Equilibrium. 

Under ideal circumstances which we have specified in Sec.II.1 

each charge state fraction of an ion beam reaches a certain 

equilibrium value which does not change when the target thickness 

is further increased, and which is independent of the initial 

distribution of charge states in the beam incident on the target . 

In distinction to nonequilibrium fractions Y we will denote 

equilibrium charge state fractions by F and Eq. (2.1) yields 

for each charge state q 

"' 

= 0 , (2.2.a) Fq,a(q',q) - Fgat(q) 

where a.(q) denotes the total charge changing cross section for 



II - 6 

ions with charge q, ^L_a,o(q,q'). Eq. (2.2.a) implies that the 

number of particles which populate the fraction F is equal to 

the number which depopulate it. According to the definition of 

charge equilibrium, it is also evident that the number of part-

icles populating a range of fractions with charges below q must 

be equal to the number of particles which depopulate that range; 

hence, we have for each q 

/.. q\q" [",q'>l = Fq,a(q\q") - Fql,a(q",q') | = 0 . (2.2.b) 

n *- Q 6: Q" 

When only cross sections for capture and loss of a single 

electron are considered, Eq. (2.2b) reduces to the simple relation 

F(q)a(q,q+1) = F (q+1) a (q+1 ,q) . (2.3) 

Eq. (2.3) is often practical for light ions, but it is much less 

significant for the description of equilibrium distributions of 

heavy ions, especially because the cross sections for multiple 

electron loss become highly influential. 

When a complete set of cross sections a(q,q') is given it 

is possible to calculate the corresponding equilibrium fractions 

F(q) from the cross sections without integrating Eq. (2.1). In 

order to perform that calculation, it is convenient to reduce 

the redundant system Eq.(2.2.a) by means* of the additional 

equation 2La
F(<3) = !� For simplicity, let us assume that the 

relevant charges are in the range 1 < q < r. When we substitute, 
r-i 

for example, F(r) = 1 - ]> F(q), Eq. (2.2.a) becomes an in-

homogeneous system of r-1 independent equations which we may 
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describe as follows: 

C F = G. (2.4.a) 

C represents a square matrix of full rank r-1, and F and G are 

vectors with r-1 components: 

[o (q'q) - 0 (r,q) ; q£q' 
G . =\ ; G = - a(r,q) (2.4.b) 
q q \~o.(q') - a(r,q); q=q� q 

I 
F contains the first r-1 equilibrium charge state fractions which 

may be written in the form 

F = C_1 G.' (2.5) 

The inverted matrix C can be obtained by means of standard 

routines; in the present case, the inversion is particularly 

simple because all diagonal elements in C are different from 

zero. 

An important quantity is the average or mean equilibrium charge 

which is defined by 

q = 2.q qF(q) <2-6) 

The values of q" are generally not integer. In case of symmetri-

cal distributions, q coincides with that charge, q, for which the 

smoothed curve F(q) assumes its maximum. The charge associated 

with the most intense fraction has often been referred to as most 

probable charge; we will not make use of that notation because 

it may lead to ambiguities especially in the case of very broad 

distributions. Another characteristic parameter is the width of 
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a charge distribution which is defined by 

1/2 
d = Z. q. (q'-q)2F(q') (2.7) 

In case of a precise gaussian distribution, d is related to the 

full half-width, h, and to the full e"1 - width, T, by 

h = dUn2) 1 / 2; F = 2dfe". (2.8) 

Charge distributions are not always symmetrical. As a measure 

of the degree of asymmetry, it is convenient to define a skew-

ness parameter of the distribution, 

s = jE.q« (q
,-q)3F(q')/d3, (2.9) 

where q" and d denote average charge and distribution width 

defined in Eq.(2.6) and Eq. (2.7), respectively. 

II.3 Relations between Charge Changing Cross Sections 

and Equilibrium Charge State Distributions. 

It has been demonstrated in Section II.3 that simple 

procedures allow equilibrium charge state distributions to 

be calculated from a given set of cross sections. The 

reversed procedure can not be carried out. Still, an 

equilibrium distribution reflects certain trends of the 

underlying cross sections. In the following, we will discuss 

the problem of drawing conclusions on cross sections from a 

given equilibrium distribution. This is of practical signi-
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ficance because it is much easier to measure equilibrium 

distributions than complete sets of charge changing cross sections. 

A known distribution F(q) reflects only certain combinations 

of ratios of cross sections but not their absolute values. For 

example, when only single capture and loss is considered, F(q) 

allows to deduce directly ratios of capture and loss cross sec-

tions from Eq.(2.3). No such simple relation holds when multiple 

electron capture and loss cross sections are present. However, 

since heavy ion cross section a(q,q±n) are being found to show 

remarkable regularities, especially in their dependence on q 

and n, one expects to find some general relations at least for 

q,h, and s which represent good approximations in many practical 

cases. We will present such relations derived from the study of 

those mathematically simple systems of cross sections which, for 

the present limited purpose, are in acceptable proximity to real 

systems of cross sections. 

Let us assume that cross sections for capture and loss of a 

single electron can be represented by curves of exponential form 

a(q,q-l) = Ac exp bc(q-qQ) 

(2.10) 

r j 
a(q,q+l) = A£ exp J -b£(q-qQ)| . 

- J 

Provided that we choose A = A. exp [(b*-b )/2 , it can be shown 

(Bell 1953) that Eq.(2.10) yields a gaussian equilibrium distri-
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bution around qo, 

F(q) = (2TTd2)"1/2 exp [-(q-qo)
2/(2d2) J , (2.11) 

where the width depends only on the sum of the two parameters 

bc a n d *V 

d = (bc + b £ ) "
1 / 2 . (2.12) 

Due to the symmetry of F(q), the mean charge is equal to q and, 

since F(q) is gaussian, q is related to the root mean square charge 

2 - 2 2 

by q -(q) = d . When b £'&., the symmetry of F(q) remains un-

affected, but the charge q , for which a and o£ are of equal 

magnitude, differs by a relatively small amount from q , given by 

q
0-qx= < v - v / r 2 < b c + t v] . (2-i3> 

Fig. 2.3 shows a schematic example of cross sections and resulting 

equilibrium charge state distribution for b = o.4, b„ = o.l, and 

q = 20. As a next step, we take into account multiple cross 

sections. Let us assume that the cross sections for transfer of n 

electrons amount to a fraction of the corresponding cross sections 

for single electron transfer which is independent of the initial 

charge. Thus, we may write 

ac(q/q~n) = k£ ac(q,q-l) 

(2.14) 
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£ a£(q,q+n) = kna£(q,q+l), 

c £ where the constants k and k depend only on n. The effects of 

multiple cross sections on the equilibrium distribution are three-

fold. Firstly, the average charge will be shifted by a certain 

amount Aq; secondly, the distribution width may be increased by 

a factor k and thirdly, F(q) may become asymmetrical. From Eq. 

(2.10) and Eq. (2.14) we find in a good approximation 

A - J 2 Aq = d ^o o £n ( L nk8, / ,> nkc) 
n ' n 

and 

d = d k = d o o 
> v,2,£//'o � _i£\. V"„2, c nzk^/(2 / nk*) + / n^ky(2/.nkp 

1/2 
; 

(2.15) 

(2.16) 

where d refers to the distribution width which is obtained o 

in the absence of multiple cross sections. In Eq. (2.15), the 

I c 
sum over k and k covers all multiple electron transfer pro-

n n L r 

cesses which are defined in Eq.(2.14). Eq.(2.15) implies that 

multiple capture cross sections shift F(q) towards lower charge 

states, and multiple loss cross sections towards higher charge 

states. No net shift results in the particular case of capture 

and loss cross sections for which the two sums in Eq.(2.15) 

become equal. 
The effects of multiple cross sections on the asymmetry of 

equilibrium distributions depend in a complicated way on all 

c £ values k and k and are not easily described in detail. However, 
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some general trends are obvious: (i) multiple capture enhances 

the intensity of charge fractions on the left side and multiple 

loss enhances the fractions on the right side of a distribution; 

the asymmetry increases (ii) when the values of k increase, and 

(iii) when higher values of n are taken into account. Fig. 2.4 

illustrates this situation for the particular case in which 

£ n-1 multiple electron loss has been considered in the form k = k c n o 

Fig. 2.4a shows some cross sections for k = 0.6 and Fig. 2.4.b 

presents the distributions which result for several maximum 

values of n, n . The width increases approximately as given 

by Eq. (2.16), and the corresponding asymmetry increases with 
£ n ,„ until it reaches a saturation value which, for k <0.8, is max o 

roughly given by s » 1.2 k /d . Fig. 2.5 demonstrates these two 

effects in greater detail. Fig. 2.5.a shows the relative increase 

c of the width, (d-d )/d and Fig. 2.5.b gives the skewness of the 

equilibrium charge state distributions as a function of n_ 
max 

Parameter is the value of k , i.e. the relative magnitude of the 

multiple loss cross sections. It can be seen that very pronoun-

ced asymmetries require both k and n to be relatively large, 
J o max J 

and vice versa. It will become evident from Sections IV and V 
that the cases shown here for large values of n , though 

3 max 3 

grossly simplified, are quite typical for heavy ions, whereby the 

smaller and larger values of k correspond to light and heavy 

target atoms, respectively. 

Both theoretical and experimental charge changing cross 

sections are often approximated by power functions, 



1 1 - 2 3 

a c ( q , - l ) - ( q / q 0 ) & c 

a 
C^(q,q + 1) - (qo/q,

 £ _ (2-17) 

Within a suitable range of charge states around q , this system 

of cross sections may be regarded as an approximation of the ex-

ponential system Eq. (2.10), provided that we choose the para-

meters a and a. in such a way that the derivatives do/dq for the 

two systems become equal at q = q , i.e. 

bc = ac / qo' b£ = a£ / qo � (2.18) 

Compared with the exponential system, we now obtain ratios 

0 (q)/°o(q) which are smaller for q<q and larger for q>qo-

It follows from Eq. (2.3) that, compared with a gaussian dis-

tribution, the equilibrium fractions decrease less rapidly on 

the right side than on the left side. Thus, even in the absence 

of multiple cross sections, F(q) will show a certain asymmetry 

which, though very small for higher values of q , may be quite 

pronounced at low values of q . The addition of multiple cross 

sections according to Eq. (2.14) results in essentially the same 

effects as discussed above for the exponential system Eq. (2.10) 

with the exception that asymmetries are now somewhat stronger 

especially for low q . Nevertheless, Eq. (2.12) - Eq.(2.16) will 

not significantly change and, together with Eq. (2.18), remain 

useful approximations. Incidentally, it is interesting to note 
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that Eq. (2.12) and Eq.(2.18) imply that, for constant k, a 

constant width of an equilibrium distribution can be observed for 

increasing q only when the sum of the exponents (a + a,,) increa-

ses linearly with q , i.e. when the dependence of the cross sect-

ions on the initial charge becomes stronger. 

Another useful relation concerns the alteration of given cross 

sections and the resulting change of the mean charge. When all 

capture and loss cross sections defined by Eq. (2.10) or Eq.(2.17) 

as well as all multiple electron capture and loss cross sections 

are changed by a charge-independent factor f and f», respectively, 

the average equilibrium charge will shift approximately by 

Aq = d2£n (f,/fc). (2.19) 
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III.l Apparatus and Experimental Methods 

Allison (1958) has summarized a variety of experimental 

methods which have been used in connection with studies of 

hydrogen and helium projectiles, and Nikolaev (1965) reviewed 

the techniques which have been employed by the groups at Moscow 

and Kharkov in their studies of light ions (Z < 7) at energies 

below approximately 10 MeV, and of heavier ions (Z '< 36) below 

approximately 5 MeV. Most of the recent data on heavy ions up 

to uranium, inclusive, in the energy range from ^1 MeV to ̂ 180 

MeV has been obtained by means of experimental set-ups based on 

similar principles, except that tandem Van De Graaff accelerators 

served as a fast-particle source, and solid state counters as de-

tection devices. For example, Fig.3.1 illustrates schematically the 

experimental arrangement for charge state measurements with 

gaseous and solid targets which has been used, with modifications, 

by the groups at Heidelberg and at Oak Ridge, and Fig. 3.2, 

together with Table III.l, shows the apparatus which has been 

employed by the groups at Burlington and Cambridge. The three 

fundamental elements of these arrangements are (1) the beam 

preparation system, consisting of an accelerator producing ions 

of different charge states, and a charge monochromator to select 

ions of a unique charge state; (2) the target, consisting of either a 

pumped cell containing the target gas, or of provisions to insert 

foil targets into the beam; and (3) a detection system, consist-

ing of an analyzer to separate the beam emerging from the target 

into the various charge state components, and a detector system 

to determine the relative intensities of the charge state 
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components. Some details of these elements which are relevant 

to the measurement of charge state distributions will be disc-

ussed in the following three Sections. 

III.l.a Beam Preparation 

Preparation of a suitable heavy ion beam requires considerable 

efforts to be made, with regard to ion sources, acceleration and 

beam handling system. Fundamental implications arise from the 

fact that heavy ions readily change their ionic charge during 

and after acceleration even in glancing collisions with atoms. 

This feature of heavy ions causes many experimental difficulties, 

but it can also be exploited in various ways. Mainly under that 

aspect, we will describe procedures which have been used most 

frequently in order to obtain beams of specific masses and ener-

gies from tandem Van de Graaff accelerators. 

In the conventional operation of tandem accelerators (Alm-

qvist et al. 1962, and Rose et al. 1965), negative ions, i.e. 

negative single atoms or more complex negatively charged 

molecules are accelerated through the first half of the machine. 

At the high voltage terminal at the center of the accelerator the 

ions pass through a stripper target which consists of either a 

windowless gas target or a foil, and emerge in various positive 

charge states q . In the second half of the accelerator, ions 

with different q gain different energy and a discrete spectrum 

results containing energies E(qA) = U (1+ 6 + q A ) / where U denotes 

the terminal voltage and 6 is a small correction which depends 

on preacceleration and composition of the injected negative ions. 
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However, the discrete energy spectrum is generally superimposed 

by a continuous one. Some ions may undergo additional charge 

changing collisions in the residual gas anywhere along their path 

during the second half of acceleration which, on the average, 

increases their charge and, thus, increases their energy by 

variable amounts. On the one side, this continuous spectrum is 

not desired in the normal mode of operation. On the other side, 

since its relative intensity increases when heavier ions are 

accelerated, one may choose to enhance it even more by admitting 

small amounts of gas throughout the second half of the accelerat-

ion system. This procedure is called continuous stripping (Moak 

et al. 1963) and has the advantage of producing small beams of 

significantly increased energy. An example for an energy 

spectrum of that kind is shown in Fig. 3.3. The groups at Oak 

Ridge and Heidelberg have frequently applied that technique in 

order to accelerate heavy ions up to energies of ̂ 100 MeV though 

the maximum terminal voltage of their machines was less than 7 MV. 

An alternative which has sometimes been used to obtain higher 

charge states and, thus, higher energies is to insert one or more 

additional foil strippers into the path of the beam in the second 

half of the acceleration (Grodzins et al 1967). 

The entire accelerated beam is directed into a magnet which 

2 

filters out particles of constant rigidity, mE/q =const. In most 

cases, this eliminates all mass impurities in the beam which were 

not removed from the injected beam, or which result from the break-

up of injected complex negative molecules in the terminal stripper. 
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For the desired mass, the deflected beam then contains a spectrum 
2 

of discrete energies, E(q) <* q . In the presence of continuous 

stripping, the beam contains a large number of these energies, 

but in its absence a mono-energetic beam can be obtained. It is 

obvious, however, that magnetic selection alone does not guarantee 

a unique mass. Final discrimination, if required, can be achieved 

either by means of,additional electrostatic deflection which is 

proportional to E/q, or electronically in the detector system. 

Of critical importance is the stability of the beam. Effects 

of continuous stripping, charge exchange in the beam line between 

accelerator and target, and scattering on apertures in the beam 

line may contribute to produce secondary beams with a broad range 

of rigidities. Difficulties in stabilizing a beam of small 

intensity may arise when this beam is spatially closely neigh-

boured by a secondary beam of different energy but of relatively 

high intensity. Continuous and careful observation of the actual 

beam is then imperative. Preferably, the beam line should be kept 

under a vacuum which is sufficiently high to reduce most of the un-

desired charge exchange in the residual gas. 

It is often desired to vary the charge of the incident beam 

particles within a considerable range without affecting the energy. 

The availability of many different initial charge states is essen-

tial for accurate and comprehensive cross section measurements 

(see Section III.2), and is practical in order to test equili-

brium conditions by establishing the independence of a charge 

distribution of the incident charge state (see Section II). 
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There are limited possibilities to select these charge states 

by choosing different parameters for the acceleration process. 

In certain experiments, this procedure has the advantage 

that the distance between the location where the charge states 

are produced and the target cell can be made very long. Thus, 

ions which are formed in an excited state have a good chance to 

deexcite to the ground state before they enter the target cell. 

However, instead of changing the many acceleration parameters, 

it is more convenient to produce the desired initial charge 

states in a charge converter cell which is located in front of 

the actual target cell (Fig.3.1.). The charge converter consists 

of a windowless gas cell into which small amounts of gas are 

admitted. A significant extension of the resulting charge 

spectrum to higher charge states is obtained when the gas target 

is replaced by a foil; this technique has been employed by the 

Heidelberg group. The desired charge state is then filtered 

out by a charge selector and passed on to the target cell. At 

Oak Ridge, the ions were selected by a beam-switching magnet, 

and the groups at Heidelberg and at Burlington utilized a 15 

and 3° electrostatic deflector, respectively. 

When only equilibrium charge state fractions are to be measured, 

a variation of the incident charge is not imperative though it 

may be practical for testing charge equilibrium. In the case that 

charge converter and selector are not part of the set-up, it 

becomes possible to investigate charge distributions for different 

energies simultaneously. The accelerated beam is filtered only by 

a magnet so that it contains ions with a number of energies E(q) 
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« q which are all passing through the target. Energy discrimi-

nation is easily achieved with solid state detectors (see Section 

III.l.c). This technique,combined with continuous stripping in 

the accelerator, has been employed by the Heidelberg group in an 

early series of equilibrium charge state measurements (Betz et. 

al 1966) . 

Ill.l.b. Targets 

Solid Targets. 

A variety of solid targets ranging from beryllium to uranium 

compounds have been used for the measurement of heavy ion charge 

state distributions. In the majority of the cases, the foils were 

self-supporting but thin enough not'to produce excessive energy 

loss or scattering of the beam particles. Experience has shown 

that even the thinnest available foils were mostly thick enough 

to establish at least approximate charge state equilibrium of 

heavy ions. This implies that measurements of charge state 

nonequilibrium is severely hindered if not impossible. However, 

it has been consistently observed that the equilibrium thickness , x 

increases with the energy of the projectiles. For example, in 

2 
a carbon foil x increases for bromine ions from ^5 Ajg/cm 

oo ' ^ 

at 40-MeV to ^25 yug/cm2 at 140-MeV (Moak et al. 1967, 1968). 

Equilibrium conditions are verified when either different incid-

ent charge states or foils of different thickness produce identi-

cal charge distributions. Obviously, the latter technique is 

unsatisfactory when foils are so thick that the energy loss is 
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significant and leads to a noticeable reduction of the mean charge. 

Incidentally, when only relatively thick foils are used, the mea-

sured charge distribution should be associated with the energy of 

the emergent beam. Effects of multiple Coulomb scattering are 

usually ignored, but they become significant for thick and heavy 

target materials and may render the resolution of adjacent charge 

states difficult. For the design of such experiments it is often 

useful to estimate the mean scattering angles; this can be per-

formed, for example, by means of either the statistical theory of 

Williams (1939, 1940), as discussed by Bethe and Ashkin (1953), 

and Cline et al. (1969), or the classical theory by Meyer (1971). 

The latter work contains useful comments concerning the appli-

cability of various theories for multiple scattering of heavy 

ions. 

Effects on equilibrium charge state distributions due to sur-

face contaminations or of aging of foils have not been reported; 

this is in marked contrast to the results of investigations of 

light projectiles at low energies (Allison 1958). With regard 

to the lifetime of foils, it is important to note that heavy ion 

beams have far more damaging effects than light ion beams. Heavy 

ion currents of > 1 yuA usually destroy thin foils within minutes. 

However, intensities of accelerated heavy ion beams are mostly 

of the order of nA or less and, especially when solid state 

detectors are employed, intensities on the target must not 

necessarily exceed ^10 particles/sec. Such low beam currents 

do not affect the performance of foils during many successive 

experiments. 



Gaseous Targets. 

The large probabilities for charge exchange of heavy ions in 

even the thinnest selfsupporting foils make it impossible to 

separate a gaseous target by foil windows from the high vacuum in 

the beam line. Thus, differentially pumped systems are being 

used as is shown in Fig. 3.1 and Fig. 3.2. Pressure gradients 

can be attained which are sufficiently high to allow pressures 

in the central target cell to rise up to ^1 Torr without 

having serious effects on the vacuum in the beam line. Fig. 

3.2 and Tab. III.l describe in detail the system which has 

been used by the Burlington group (Ryding et al. 1969b). The 

thickness of a gas target is given by 

x = N L P / (R T) 'molecules/ cm2 (3.1) 

where N is Avogadro's number, L the cell length, P the target 

gas pressure, R the gas constant, and T the temperature of the 

target gas. For T = 15 , Eq. (3.1) becomes 

I 6 r 2 
x = 3.35 x 10 L P jmolecules/ cm 

(.3.2) 

where L is in cm and P in Torr. Due to the gas flow out of the 

apertures of the cell system a certain correction AL must be 

contained in L. For the set-up used by the Burlington group, 

where L ranged from 2.83 cm to 3.65 cm, AL was determined 

carefully and was found to amount to only 0.1 cm (Ryding et al. 

1969a). 

2 
Thicknesses of a few /ug/cm are usually sufficient to 

produce charge state equilibrium. For 15-MeV iodine ions in 
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oxygen, x is less than 0.5/ug/cm (see Fig.2.1). Consequently, 

scattering of the beam is seldom excessive and charge states are 

easily separated (see Fig.3.4). The Oak Ridge group worked with 

cells of effective lengths between 12 cm and 16 8 cm, and the 

Heidelberg group used L = 20 cm and 110 cm. The use of long 

cells was partly motivated by the attempt to exclude effects of 

residual ion excitation. It turned out, however, that atomic 

lifetimes of ions excited in charge changing collisions are 

often long enough to influence charge state measurements even 

in long cells (see Section Vl.l.d). 

When suitable needle valves are utilized to admit the target 

gas, it is no problem to adjust the pressure in the cell quickly 

to a desired value and to keep it constant at that value within, 

say 1%. The more critical part is the exact measurement of P; 

uncertainties in P are directly reflected in experimental cross 

-4 section values. In the range above ^2x10 Torr capacitance 

diaphragm-type differential pressure gauges allow to determine 

P with an accuracy of better than ^3% (Utterback and Griffith 

1966) . Systems of that kind have been employed by the groups 

-4 at Oak Ridge and Burlington. Pressures below ^2x10 Torr are 

somewhat more difficult to determine and with the use of conventio-

nal manometers, such as ionization gauges, one must reckon with er-

rors £10%. The Heidelberg group used Varian nude gauges which are 

accurate within 5-10%. Measurements at these low pressures are re-

quired mainly when cross sections are to be determined from experi-

ments utilizing long target cells. 

In a few cases, investigators have used the gap in a 



Ill - 11 

deflection magnet as target gas cell. On the one side, this 

technique results in a very complicated charge spectrum which 
o 

extends continuously across the detector plane. Ort the other 

side,it is an ideal method for the measurement of total charge 

changing cross sections. The intensity Y (x) of a particular 

charge fraction is measured at a fixed position in the detector 

plane, and for a constant deflecting field as a function of 

increasing thickness of the target gas (attenuation method). 

The resulting exponential decay Y (x) « exp (-a.(q)x) allows 

to determine at(q) independent of all other charge changing 

cross sections a(q',q") with q'^rq. 

Jet Targets 

Transverse supersonic jet stripper targets are an alterna-

tive to differentially pumped gas cells. Their principal advan-

tage is, for most purposes, that a lower vacuum can be maintained 

in the beam line while the stripper is operated at its highest 

thickness. Beringer and Roll (1957) constructed a mercury jet 

and observed an increase of the pressure in the beam line of less 

-7 2 

than 3 x 10 Torr for jet thicknesses of up to 20 yug/cm . Assem-

blies of mercury jets have also been reported by Fogel et al. 

(1956), Dawton (1961), and Bethge and Gunther (1964), though these 

investigations were aimed primarily at the production of negative 

ions. A water vapor jet has been built by Roos et al, (1965), and 

jets of carbon dioxide, nitrogen, and argon have been tested by 

Borovik et al. (1964) and BusOl et al. (1965). Charge exchange 

work on heavy ions has been carried out by the Heidelberg group 
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with jets of mercury and carbon dioxide (Franzke et al. 1967, 

1971, and 1972). Fig. 3.5 shows the apparatus used, by Franzke et 

al. (1972). Thicknesses of these jets have been achieved which 

17 2 

range up to ̂ 1.5 * 10 molecules/cm and are sufficiently high in 

order to establish charge state equilibrium for heavy ions at least 

at energies below 'vlOO MeV. Target thicknesses below M x 10 
2 

molecules/cm could not be reached; consequently, charge changing 
cross sections are difficult to measure in these jet strippers. 

III.l.c Detection System 

The charge states in the beam emergent from the target are 

spatially separated by an analyzer as shown in Fig.3.1 and Fig. 

3.2. Both electrostatic and magnetic deflection systems have 

been used. The detection of the relative number of ions in each 

charge state group is performed most conveniently by means of solid 

state surface barrier detectors. These detectors can be employed 

when the ions have sufficient energy to penetrate through the 

dead layer on the entrance surface of the detector. Typically, 

2 

25 ug/cm gold layers are used in which fission fragments, for 

example, lose an energy of ^0.5 MeV. Thus, heavy ions with 

energies higher than a few MeV can be counted with an efficiency 

of practically 100%—regardless of their incident charge state, 

including q = 0. Moreover, the detector signal is proportional 

in height to the energy of the ions which is deposited in the 

depleted region. Since one has to reckon with comparatively 
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short ranges, the detector serves simultaneously as a useful 

heavy ion energy spectrometer even when the depleted zone is of 

modest depth. In all cases reported, the energy resolution of 

these detectors was high enough to discriminate the incident 

beams with preselected distinct energies (see Section III.l.a). 

An important limitation in the 'use of solid state detectors in 

heavy ion work arises due to the extensive damage of the detector 

structure by heavy'ion bombardment. Usually, the tolerable 

8 2 

maximum exposure amounts to ^10 events/cm . This makes it 

imperative to monitor the detector signals constantly during the 

runs in order to avoid that dead spots are further exposed which 

develop on the detector surface and reduce the counting and energy 

discrimination efficiency. 

Fig. 3.2 shows how two silicon detectors Dl and D2 were used 

by the Burlington group in order to measure the relative intensity 

of the charge components in a beam. One charge fraction at a 

time is detected with Dl, but in order to perform the correct 

normalization independent of beam intensity fluctuations, another 

fraction is recorded simultaneously with D2 (Ryding et al. 1969b). 

One advantage of that technique is that very small fractions can 

be measured with high precision and without accumulating the 

excessive number of counts from very intensive charge components. 

This is of particular importance for the measurement of extremely 

small charge changing cross sections. 

A very significant version of solid state detectors are the 
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position sensitive detectors which give both a signal pro
portional to the ion energy, S. a E, and simultaneously a signal 
proportional to the position of ion impact relative to one end 
of the sensitive detector area, S2 * Ex. The main advantage of 
these detectors is that entire charge state spectra can be re
corded simultaneously, i.e. normalization problems are eliminated 
and the measuring time is minimized. Fig. 3.1 indicates one 
possible mode of operation. The detector signals are processed 
in a quotient circuit and the resulting signal S_ a x is fed 
directly into a multichannel analyzing system. The groups at 
Oak Ridge and Heidelberg have utilized that technique. Fig. 3.4 
shows a charge spectrum obtained in the described way for 110MeV 
iodine ions; charge states range from 12+ to 24+ and are clearly 
resolved, though each of the line is broadened because of the 
relatively poor energy resolution which solid state detectors 
exhibit for very heavy ions. Except for this, the lines would 
be almost ten times as sharp. Sufficient position resolution 
requires the minimum particle energy, E . , to be somewhat higher 
than in the case where the detectors are used only as counters. 
For iodine ions, a realistic value of E . is approximately 10 

min ^ ■* 

MeV. At present, commercially available detectors have a sensi
tive area as long as 5 cm. A quotient circuit which has frequently 
been used, has been described by Strauss and Brenner (1965) and 
consists essentially of logarithmic and exponential amplifiers. 
It is also feasible to record charge state spectra simultaneously 
for different ion energies by exploiting the energy resolution 
characteristics of the detector and by utilizing a twodimensional 
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multichannel analyzer. Such a technique has been practiced 

by the Heidelberg group in a series of measurements which were 

aimed at equilibrium charge state distributions. It is also 

worth to note that a charge spectrum for a particular energy can 

be recorded without the use of a sophisticated quotient circuit. 

For example, the signal S_ can be taken in coincidence with a 

selected energy signal S. or, when only a single energy is present 

in the beam, S_ may be used directly as x-signal. 

The accuracy of measured charge fractions is determined mainly 

4 5 
by .the statistical errors. When as many as 10 - 10 counts are 

accumulated in a particular charge state, the statistical error 

can practically be neglected; however, fractions with relative 

intensities below ^1% have often errors as large as 10%. Fluctu-

ations in the thickness of thin targets, or effects of scattering 

from thick targets may give rise to additional uncertainties. 

III.2. Data Treatment and Analysis 

We may consider normalized charge state distributions 

Y (x) as the direct experimental information which is provided 

by the measurement of charge changing processes. No further 

analysis is required when only equilibrium charge state fractions 

F(q) are desired, but considerable effort must be spent in order 

to determine individual charge changing cross sections a(q,q') 

of heavy ions from measured nonequilibrium distributions. We 

will briefly describe some of the aspects which are important 

for such an analysis. 
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III.2.a. Cross Section Analysis with LeastSquares Techniques 

Most investigators have employed approximate solutions of Eq. 
(2.1) in the particular range of small target thicknesses in 
which mainly single collision events occur. The principle of such 
approximations is the following one. When a beam is incident in 
a single charge state q., increasing target thickness results in 
a linear increase of the fractions of the neighbouring charge 
states: 

Y(q;x) * a(q.,q) x ; Y(q') H 1 '* q' = qi (■> »\ x=o 10 ; q'fq^ (33) 

Validity of Eq.(3.3) is restricted to the range a(q.,q)x<<l, 
though some extension may be achieved by taking into account the 
decrease of Y(q.) and terms of higher order. Details of this so
called slope method have been critically discussed in a paper by 
Datz et al. (1970). It turned out that this method or a 
variation of it is often unsatisfactory. 

A complete analysis comprises application of the wellknown 
leastsquares technique as discussed by Datz et al. (1970) and 
Betz et al. (1971a). The values of a(q,q') are determined from 
that technique in such a way that an exact integration of Eq. 
(2.1) yields charge fractions which reproduce best the experi
mentally measured fractions in a leastsquares sense. When an 
arbitrary set of cross sections a is assumed, the correspond
ing leastsquares sum is defined by 

S = / W (Y  Z ) 2 , (3.4) 
/ m v m m ' v 

m = l 
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where Y and Z are the experimental and calculated charge m m 3 

fractions, respectively, and W are the weighing factors chosen 

with respect to the experimental uncertainties of Y and x . 
f ^ m m 

The index m covers all nonzero charge fractions which have been 

measured for all charge states, target thicknesses x and 

different nonequilibrium distributions belonging to the same 

cross section set. When we arrange the relevent n cross sections 

as a vector a, the weights W in a diagonal m x m matrix W, — ^ m ' o o — 

and the differences Y -Z in a vector AY, minimization of S yields 
m m — J 

an improved set of cross sections, 

a(l+1) = a(l) + (AT W A)" 1 ATW AY , (3.5) 

where the derivaties A = 3Z /do form a rectangular m x n 
mn m n o o 

matrix A. In general, non-linearities in the system make it 

necessary to repeat the minimization steps several times. How-

ever, more than two or three iterations may be needed only when 

the initially assumed cross sections differ too much from the 

best values, or when nonequilibrium distributions cover ranges 

of higher target thicknesses. Applicability of the least-squares 

technique is restricted neither by the particular initial 

conditions Y I 0 which are given from the experiment, nor by 

deviations from a linear increase Y (x) « x for small values of x. 

This is important because it is a quite typical observation that 

charge fractions in general do not increase linearly with x even 

when x is small. Fig. 2.1. and Fig. 3.6 illustrate that very 

clearly. 
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A decisive advantage of the leastsquares technique is that 
the uncertainties of the determined cross sections are obtained 
simultaneously with the minimization procedure by 

1/2 . 
< + l ) ■ 

(AT W A ) " 1 ] — — — nn j (A v» « , — , ( 3 > 6 ) 

Especially the values of those cross sections which have a minor in
fluence on the nonequilibrium charge distribution can hardly be re
garded as a reliable result without having considered the associated 
uncertainties according to Eq.(3.6). In such cases, the fact 
that calculated distributions reproduce well the experimental 
ones does not guarantee the correctness of these cross section 
values. Another useful result of the described leastsquares 
technique concerns the correlation between any two of the cross 
sections involved, which is given by the coefficients 

Bnn.  [ » T H A ] ^ . [ 4 O » + X , 4 0,i +l,JV2, (Bnn, s l ) (3.7) 
where &o^+ ' and 6aĴ ,+ ' are given by Eq.(3.6). For example, in the 
case shown in Fig.3.6.a for bromine ions with initial charge 7+ pas
sing through hydrogen at 14 MeV, the cross sections a (7,5) and 
a (6,5) are strongly correlated with each other, B = 0.848, and 
cannot be determined independent of each other. 

III.2.b. Cross Section Analysis in the Presence of Residual Ion 
Excitation. 

A severe complication in the analysis of heavy ion cross sections 
from typical experimentally obtained nonequilibrium charge state dis
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tributions arises due to the fact that the conditions for having 

a dilute target gas are not fulfilled. It turned out that life-

times of excited heavy ions are often almost two orders of 

magnitude longer than one had anticipated on simple theoretical 

grounds (see Sec. VI.1). Thus, cross sections associated with 

excited states of the ions must be taken into account and their 

influence must be expected to increase with increasing density 

of the target gas. This implies that the cross sections in Eq. 

(2.1) are no longer constant and, instead, depend on x. Though 

Eq.(2.1) is then invalid, we indicate two cases in which it remains 

useful without formal changes. 

A first possibility consists in evaluating a single none-

quilibrium distribution measured at low target densities. The 

least-squares fit yields well-defined cross sections o(q.,q) 

which refer to the particular state of excitation of the incident 

ions, not necessarily identical with the ground state. However, 

some of these cross sections are correctly obtained only when 

other cross sections atq^q 1 1) are determined from the same fit 

which are associated with an average excitation of ions with charge 

q' formed inside the target cell. We illustrate that situation 

by discussing the example which is shown in Fig.3.6a. The incident 

bromine ions with charge 7+ have been formed in the terminal of 

3 
the accelerator and traveled a sufficiently long path (̂ 10 cm) to 

allow radiative deexcitation before entering the target cell. 

Thus, the resulting cross sections o(7,q') refer to the ground 

7+ * 
state of Br . In contrast, the value obtained for a (6,5) from 
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the same data set reflects added contributions from excited states. 

Nearly all ions with charge 6+ have been formed inside the target 

cell by electron capture, often into excited states. The related 

lifetimes are indeed long enough so that those ions of charge 6+ 

which pick up another electron in the target cell may still be 

substantially excited when that second collison 6+ —«► 5+ occurs. 
Consequently, a (6,5) refers to a certain average excitation of 

6+ * 
the Br ions. Since a (6,5), in the example considered, is 
strongly correlated with a(7,5), it is essential to include 
* 
o (6,5) as a free variable in the least-squares fit in order to 
obtain a reliable result for a(7,5). On the one side, it is not 
justified to perform the fit by neglecting second-order processes, 
i.e. a (6,5) = 0; this would lead to a value of a(7,5) which is 
too high. On the other side, one can not assume that a (6,5) is 
equal to the value a (6,5) which has been determined from a separate 
fit of a nonequilibrium distribution where ions with q. = 6 were 
incident in states with an average excitation close to zero; this 
would lead to a value of a (7,5) which is too small. Incidentally, 

* in the case discussed, a (6,5) and a (6,5) were found to amount to 
—16 2 1.40 and 2.66 x 10 cm /molecule, respectively. This example 

is quite typical for heavy ions and demonstrates the difficulty 
of determining relatively small cross sections for double capture. 

A second possibility of using Eq.(2.1) in the presence of 
residual ion excitation has been discussed by Ryding et al. (1970c). 
They performed a least-squares fit of nonequilibrium distributions 
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in a small range of densities and interpreted the constant cross 

sections in Eq.(2.1) as average effective cross sections, a_«� 

Then, by applying the same procedure consecutively to other density 

ranges, it was possible to determine c f f as a function of the 

residual ion excitation (see Section VI.1). 
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IV. Cross Sections For Electron Capture and Loss. 

Charge changing cross sections for electron capture and loss 

by fast heavy ions in collisions with target atoms or molecules 

provide the fundamental basis for all accurate and compact descript-

ions of ionic charge states which are produced in ion-atom encounters. 

Numerous investigators have devoted considerable effort to the cal-

culation and measurement of these cross sections. While reasonable 

agreement could be obtained between theory and experiment in the 

simplest cases such as for protons moving through atomic hydrogen, 

the processes involved in the capture and loss of electrons by heavy 

ions are in general so intricate as to defy precise and comprehensive 

description. The major part of the theoretical treatments has been 

based on simplified models and relatively arbitrary assumptions. 

It is not surprising, therefore, that these models can claim only 

approximate validity in restricted regions of the basic parameters 

Z, v, q, and Z_. However, most theories have been developed prior 

to 1956, i.e. at a time where practically no experimental information 

on heavy ion cross sections was available. It may be expected that 

future theoretical studies benefit from the many experimental 

results which have been accumulated since then. In Section IV.1 

we outline briefly some of the important existing approaches which 

give useful insight into the processes associated with charge 

changing collisions and make important contributions to our under-

standing of these complex phenomena. 

Experimental work on charge changing cross sections of heavy 

ions has been intensified in recent years. Up to date, most of the 
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measurements have been carried out with bromine and iodine project-

iles with extensive variations of the parameters q, v, and Z . 

These and other available data is presented in Section IV.2, along 

with a discussion of its trends and relation to theory. 

IV.1 Theoretical Studies 

The first extensive theory on cross sections for electronic 

charge exchange has been presented by Bohr (1948). He derives 

analytical expressions for capture and loss of an electron by light 

and heavy ions passing through both light and heavy target gases. 

Bell (1953) computes numerically on a classical basis, cross 

sections for electron capture and loss by typical fission fragments 

stripped in light and heavy gases at low densities. In a refine-

ment of Bohr's work, Bohr and Lindhard (19 54) attempt on the basis 

of simple classical and statistical arguments to give a comprehensive 

interpretation of capture and loss by highly charged heavy ions. 

Qluckstern (1955) modifies Bell's model in order to calculate cross 

sections for ions of intermediate atomic number, 8 <_ Z < 18, passing 

through various dilute gases. 

All of these authors have realized the complexity of the 

charge changing phenomena, and their theoretical treatments are 

usually based on physically reasonable but relatively arbitrary 

assumptions. It is not surprising, therefore, that the application 

of these theories is limited and, as later experiments have shown, 

that many of the suggested models need substantial modifications. 

For example, all theoretical calculations mentioned above have been 
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limited to capture and loss of a single electron. The possibility 

of multiple electron transfer in single collisions has been 

realized, but it has generally been assumed that the probability 

for these events is very small. However, experiments have shown 

that especially multiple electron loss occurs with relatively 

high probability; typically, the cross section for removing more 

than one electron in a single encounter is often larger than the 

single electron loss cross section. This must be taken into account 

when experimental cross sections are compared with theoretical ones. 

In the following discussion, we concentrate on charge exchange by 

ions which are initially in the ground state; the effects of 

residual ion excitation on charge changing collisions of heavy ions 

will be treated separately in Section VI. 

IV. l.a. Theory by Bohr 

In a first and relatively simple case, Bohr (1948) considers 

loss by fast light ions which move through light media. He argues 

that especially when the orbital dimensions of the target electrons 

are larger than or comparable with those of the electron to be lost 

from the ion, the ionizing effects of electrons and nucleus of the 

target on the ion are approximately independent of each other. 

Thus, Bohr applies the so-called free collision approximation 

in which the binding forces may be disregarded and which is valid 

when the ion velocity is large compared to v or, more precisely, 

when K = b/k << 1, where *- denotes the de Broglie wavelength divided 

by 2IT of the ion's electron in question, and b is the collision 

diameter. In the case of repelling particles, b represents the 

minimum distance of approach in a head-on collision, and, in the 
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_ 2 
absence of screening effects, is given by 2e,e?/(mv ), where e, and 

Bj are the charges, and m is the reduced mass of the colliding 

particles. Of course, for *r >>b classical mechanical ideas, such 

as orbits of the particles during the encounter, fail completely 

in accounting for the individual collision effects. Nevertheless, 

Bohr gives a quite illustrative description and arrives at a cross 

section for electron loss, 

o£ = 4TTa^Z~
2(ZT + ZT) (VQ/V)

2. (4.1) 

Application of that formula is of course not restricted to light 

ions as long as the condition K<<1 is fulfilled. The accuracy of 

Eq.(4.1) has been studied by Dmitriev and Nikolaev (1963). In the 

particular case of hydrogen and helium targets, they use the Born 

approximation which, for the case considered, gives results which 

are identical with those obtained in the free collision approximation. 

They assume according to Bohr that their approximation is valid when 

v is considerably greater than the orbital velocity u of the lost 

electron, so that the loss cross section can be assumed to be equal 

to the effective cross section for scattering of a free electron of 

velocity v by an atom of the medium, accompanied by an energy trans-

2 
fer to the electron which exceeds its binding m u /2. A decisive 

difference between their theory and the one by Bohr is that they 

allow for screening of the Coulomb field of the target nuclei by 

the electrons of the medium. This causes a noticeable reduction of 

Bohr's loss cross sections Eq(4.1) especially when u *r Z*v , where 

Z* is the effective charge of the target nuclei. 

When light ions are stripped in targets with intermediate 

values of Z , Bohr points out that the firmly bound electrons and 
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nuclei in the target will, even in close collisions, no longer act 

independently on the electrons of the ion. Then, by taking into 

account the resulting screening effects, he finds 

a£ » TT a2 Z 2 / 3 Z_1v0/v . (4.2) 

In the case of light ions penetrating through heavy targets, 

no specific loss cross sections are derived apart from the rough 
2 

estimate that a« is of the order of ira and largely independent of 

Z and v. 

As regards electron capture, Bohr emphasizes that these pro-

cesses are more difficult to estimate especially because at least 

three particles take part in the exchange of energy and momentum, 

whereas electron loss is essentially a two-body problem. For the 

crogs section for capture by a nucleus Z, of an electron bound to 

a nucleau Z_, the Born approximation gives useful results for 

K, << 1 and Kj << 1 (Brinkmann and Kramers, 1930). However, electron 

capture by light ions in heavier targets is not readily described by 

the Born approximation or by means of classical pictures. The prin-

cipal reason for that, Bohr argues, is that mainly those electrons 

will be captured which have an orbital velocity comparable with v 

corresponding to K = 1. Thus, Bohr applies statistical considera-

tions and represents the capture cross section of, say, alpha 

particles in heavy targets in the form 

ac~ a'f ne. (4.3) 

Here, a* denotes the cross section for a collision in which the ion 

2 
transfers an energy of the order of m v /2 to an atomic electron 
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with an orbjtal velocity u, and is approximated by u'=4na Z v /(u v 2), 

provided that the ion can be assumed to be a point charge. The 

probability that capture results from such a collision is re-

presented by the factor f and amounts, for the case considered, to f ~ 
3 

(Zv /v) . Furthermore, n stands for the number of electrons in a 

target atom with orbital velocities close to u and is given, on the 

1/3 b,asis of a statistical model, by n = Z ' u/v . Consequently, for 

u * v, Eq.(4.3) becomes 

0 c ~ 47ra2Z5 z £ / 3
 ( V Q / V )

 6 . ( 4 . 4 ) 

Nikolaev (1957, 1965) applied the statistical concept Eq.(4.3) to 

nitrogen ions stripped in hydrogen, nitrogen, and argon, and arrives 

at expressions which differ somewhat from Eq.(4.4). 

Compared to light ions, papture and loss by heavy projectiles 

present a more complicated situation. This difference is largely 

due to the fact that heavy ions though highly charged carry a large 

number of bound electrons. In addition, contrary to previously 

discussed cas,es, highly charged ions may bind electrons in states 

with orbital velocities u > v. An important part in Bohr's theory 

is the following argumentation: on the one side, collisions with 

the target atoms will most likely result in the removal of electrons 

with u < v, but loss of electrons with u >> v is impossible, as he 

claims, or at least very improbable. On the other side, electrons 

are readily captured into states of orbital velocities u > v, but 

capture into states with u << y is very improbable. This implies 

that a heavy ion on the average carries a number of bound electrons 

approximately corresponding to the number of electrons in the neutral 
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projectile for which u > v (see also Sec. V.l). 

In his estimate of the loss cross section of heavy ions in 

light targets, Bohr uses the above arguments and finds in analogy 

to Eq.(4.1) 

a% - 4TTa2 Z 1 / 3 Z2 ( v Q / v ) 3 . ( 4 . 5 ) 

In estimating o , Bohr relies on analogies to the reversed case, 

i.e. to capture of light ions in heavy targets. Utilizing the 

symmetry of Brinkmann and Kramers' expression with regard to Z and 

Z , Bohr interchanges Z and Z in Eq.(4.4) and approximates 

ac - 4Tia2 Z1/3 z* (vQ/v)
6 . (4.6) 

Finally, in heavy targets, Bohr assumes that capture or loss are 

likely to take place whenever ion and target atom interpenetrate 

in a collision. Considerations of radial extensions lead to a 

symmetrical expression 

°i ~ °c ~ * ao ( z V 3 + Z T / 3 ) ( vo/ v ) 2 ' (4'7> 

IV.l.b. Theory by Bell 

Bell (1953) computes numerically, on a classical basis, cross 

sections for capture and loss of a single electron by fission 

fragments passing through dilute gases of hydrogen, helium, oxygen 

and argon. Since he was most interested in ratios of cross sections 

in order to obtain average equilibrium charge states, he treats 
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cap£ure and loss by similar methods, thereby expecting certain 

cancellation of errors inherent in his methods. He emphasizes, 

however, that an approach different from the classical one might 

be better justified. 

As regards electron capture, Bell argues that a perturbation 

or Born approximation method is not valid since the charge states 

of the heavy ions are of the order of the atomic number of the 

heavy target atoms. On the basis ^hat electrons will be captured 

in fairly high quantum states, he chooses a classical approach. 

In considering the possible capture of any electron he ignores the 

polarization effect of the ion on the gas atom until the force 

exerted by the ion on the electron to be captured becomes equal to 

the force binding the electron in the atom. Thereafter, when the 

electron is liberatedf he ignores the interaction of the electron 

with the atom and considers the newly liberated electron to be 

captured only if its total energy in the rest frame of the ion is 

negative. Space and velocity distributions of the target electrons 

are calculated from the statistical model by Fermi and Thomas, and 

^he total capture cross section is obtained by summing over all 

individual capture cross sections for each target electron. 

Some consequences of Bell's procedure are quite illustrative. 

Firstly,, electrons are captured preferentially when their initial 

orbital velocities are close to the ion velocity. This implies, 

as in Bohr's thepry, that lightly bound electrons are seldom cap-

tured by fast heavy ions. Secondly, the electronic structure of a 

gas atom disintegrates as the ion passes by. For example, when a 

typical uranium fission fragment collides with an oxygen atom, the 
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fragment liberates the first electron in the atom already at a 

distance of ~10 a ; for an impact parameter of ~0.65 a , the atom 

retains only its K electrons when the most violent part of the 

collision occurs. Very few of the liberated electrons can be 

captured by the fragment; most of them will simply escape. 

Thirdly, total capture cross sections turn out to be nearly twice 

as large in argon than in oxygen — a result due to the number of 

electrons in the atoms which are available for capture and have 

u * v — , and tend in general to increase slightly with Z though 

the increase becomes slower with larger Z . 

Bell argues that electron loss should be treated preferably 

by quantum-mechanical perturbation theory. However, since this 

is too cumbersome to be readily carried out, he discusses a simpli-

fied approach and describes the collision between gas atoms and 

fragment electron by classical mechanics. He justifies that pro-

cedure on the basis of large quantum numbers of the electrons 

involved, and because of the coincidence of classical and perturb-

ation methods when the field of the target atom is approximated by 

means of a Coulomb potential. Thus, he uses the Fermi-Thomas model 

and calculates the loss cross sections essentially from a detailed 

consideration of the momentum which is transferred in a collision 

to an electron of the ion. Apart from the fundamental question of 

the validity of that classical approach, the resulting loss cross 

sections depend critically on the assumptions about the effective 

charge qT of the target atom during the collision. In a simple 

interpretation of his results, Bell concludes that an electron is 

lost from an ion only when it passes the target atom closely enough 

so that the fragment electron penetrates the remaining electronic 
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structure of the ionized target atom. 

In an attempt to calculate cross sections in hydrogen and 

helium, Bell modifies his theory mainly by taking into account 

the detailed velocity distribution instead of the Fermi-Thomas 

distribution of the target electrons. It turns out that weakly 

bound electrons in light targets are easily liberated at large 

distances from an approaching ion, but are difficult to be captured. 

However, Bell's quantitative treatment of that case is doubtful. 

Especially in hydrogen the largely reduced capture cross sections 

lead to an increase in the average equilibrium charge which is in 

marked disagreement with experiments. 

IV.I.e. Theory by Bohr and Lindhard 

Based on the theoretical treatise on the effects associated 

with the passage of atomic particles through matter (Bohr 1948, 

Sec. IV.1.a), Bohr and Lindhard (1954) present a comprehensive 

interpretation of those particular aspects which concern highly 

charged ions. They argue in accord with Bell, that a rigorous 

treatment of electron capture and loss processes presents great 

complications, and apply instead simple mechanical considerations 

partially based on the circumstance that the binding states in the 

ion involved in capture and loss are specified by high quantum 

numbers. 

Electron loss is considered as an ionization process, i.e. 

as being a question of energy transfer to electrons in the ion 

sufficient for electron escape. According to the free collision 
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approximation discussed in IV.1.a, the loss cross section for a 
particular electron is given by the cross section for energy 

2 
transfer greater than m u /2 in a collision between a free electron 
at rest and a heavy particle with charge q and velocity v, 

a\ = 4TTa2 q2 (v2 / (uv))2 (1 - (u/(2v))2), (u < 2v) (4.8) 

2 
where the upper limit of energy transfer is given by 2m v . The 
total loss cross section per ion is then obtained by summing a* 

over all electrons in the ion with orbital velocities u £ 2v. Bohr 
and Lindhard estimate the velocity distribution from the simplest 1/3 Fermi-Thomas model, dn/dv = A ' /v , and the integration of Eq.(4.8) 
yields a more specific loss cross section than the ones given by 
Bohr in his earlier work (Eq.(4.5)— Eq.(4.7), 

a£ = val 9T Z V 3 < V
0
/ V * ) 3 ' (4*9) 

where v* is the orbital velocity of the most loosely bound electron 
in the ground state of the ion, close to v, and q stands for 
the atomic number Z of light gases, or for the effective charge of 
heavy gas atoms. In the latter case, they interprete q_ as the 
average equilibrium charge which would result for the projectile 

1/3 when ion and target are interchanged, q = Z ' v/v
0* I n order to 

estimate the dependence o^ (q) , v is approximated by v qZ~1//3 and 
Eq. (4.9) becomes 

o-̂  = Tra2 Z2/3 Z4/3 q"3 (v/vQ)2 . (4.10) 

Electron capture is treated similarly to the method by Bell 
except that they consider only the energy and not also the momentum 
of the electron, and that the velocity distribution of the target 

■y 
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electrons is only roughly estimated from the Fermi-Thomas model. 

Taking into account the number of electrons with velocities u ~ v/2 

which can be captured by a heavy ion from a heavy target atom, they 

develqp an expression which is more sophisticated than Bohr's 

early result Eq.(4.7), 

°c = *ao ZT / 3 q 2 ( vo / v ) 3 * ( 4- U ) 

Essentially the same functional dependence may be obtained from 

2 2 4 Eq.(4.3) where, with u ~ v/2, a' = ira q (v /v) , f = 1, and 

n = Z '* v/(2v ). Nikolaev (1965) emphasizes that the derivation 

of Eq. (4.11) is based on the assumption that the electron to be 

captured can be treated as a classical particle having a reasonably 

well defined velocity u * v/2. In view of the uncertainty principle 

and the relevant orbital dimensions, that assumption is justified 

1/3 
only when q is sufficiently high, q > q = Z v/v

0*
 A s a con~ 

sequence, when this specific estimate for q is correct, Eq.(4.11) 

is invalid just in the range of charge states around q. However, 

the criterion for determining q is not a sharp one — a fact which 

precludes the literal interpretation of Nikolaev's estimate for q 

and, like in many other cases leaves considerable uncertainty as 

to what range of validity should be practically associated with the 

thepretical approximation. It is interesting to note that Nikolaev's 

argumentation to restrict Eq.(4.11) to q > q , which is approximately equi-

valent to the condition of having an ion charge which is sufficiently 

high so that the ion can be treated as a point charge during the 

collision , implies that a is independent of Z — in accord 

with Eq.(4.11). However, we will discuss experimental evidence in 

Sec. IV.2.a which supports the estimate q >q, i.e. Eq.(4.11) is 
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probably inapplicable for q - q and, thus, can not be used in these 

cases together with Eq.(4.10) in order to describe the balance 

between electron capture and loss. 

As regards electron capture by heavy ions in light target 

gases, Bohr and Lindhard note in accord with Bell that a concept 

should be applied which differs from the one used for heavy target 

gases — otherwise, capture cross sections would become essentially 

zero. They explain the possibility of capture of very weakly bound 

target electrons on the basis that electron release is a gradual 

process, and it takes a certain time before it can be completed. 

Thus, there is a small chance that a loosely bound electron will 

remain with the atom until the highly charged ion approaches 

closely enough so that capture can take place. They give a cursory 

estimate 

a = ?ra2 q3 (v/v) 7 n'2/n"3, (4.12) 
c o o 

where n' and n'' characterize screening effects in the target atom 

and an effective quantum number, respectively. 

IV. l.d. Other Theories 

Gluckstern (1955) modifies Bell's theory in order to account 

for capture and loss by ions of intermediate atomic numbers, 8 £ Z £ 18, 

passing through dilute gases of hydrogen, nitrogen, argon, and 

mercury. He argues that Bell's capture cross sections are too large 

because they contain contributions of all electrons in a target atom. 

One should not sum the individual capture cross sections especially 

in collisions with small impact parameters, and should instead 
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consider, at any impact parameter r , the probability of 

capturing any electron. In a rough estimate, Gluckstern accounts 

for that by simply reducing the capture cross sections calculated 

from Bell's original model to 40 percent of their original values. 

As regards electron loss from K and L shells, Gluckstern assumes 

that the electrons in an ion are located in concentric shells with 

radii chosen to match the known ionization potentials. Then, he 

obtains the loss cross section from considerations similar to 

ones employed by Bohr (1948) and Bell except that he determines qT 

on a classical concept involving the impact parameter. From the 

resulting cross sections Gluckstern calculates equilibrium charge 

state distributions and average charges. He compares his calculations 

with some experimental results on nitrogen, oxygen, and neon ions by 

Hubbard and Lauer (1955), Reynolds et al. (1954) , and Stephans and 

Walker (1954) and obtains reasonable agreement for q, but the pre-

dicted widths of the distributions are significantly larger than the 

measured ones. It is interesting to note Gluckstern's observation 

that Bell's capture cross sections turn out to be independent on Z — 

a fact which was not explicitly mentioned by Bell -- and vary approxi-

2 3.5 
mately as a «q /v 

Nikolaev (1957) pointed out that Gluckstern's method of deter-

mining a is inapplicable because it is based on classical concepts 

which are valid only when K = 2qv/v >>1. However, in the cases con-

sidered, q is low and v is between 3v and 6v so that K X 1. 

^ o o 

Nikolaev instead uses Bohr's statistical approach Eq.(4.3) and, by 

taking into account; the effective charge of the ions which is seen by 

the electron to be captured, derives for nitrogen ions with charge 
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states between 2 and 4 and velocities between 2v and 5v the 
o o 

somewhat different expression 

oc * 47ra
2 q3 (vQ/v)

6 ne , (4.13) 

1/3 where n = 1 in hydrogen and n = Z ' v/v in nitrogen, argon or 

other heavy gases. 

Nikolaev (1965) notes that Bohr's general conceptions and Mas-

sey's adiabatic criterion as discussed by Drukarev (1959, 1967) can 

be used to explain a maximum in the loss cross section as a function 

of v. When v is smaller than the velocity u of the electron being 

removed, a* must increase with increasing v because of the adiabatic 

nature of the collision. For v > u, a» . j. . . . ... � 

' i must dimmish with increasing 

v because the interaction time becomes shorter. Maxima in tfn(v) 

should therefore lie close to v = u. However, it will be shown in 

Sec. IV.2 that the experimentally observed maxima are substantially 

shifted to higher values of v, and are especially for heavy ions so 

broad that it becomes difficult to determine their location. Un-

fortunately, none of the above theoretical formulas derived for a. 

allows for such a maximum. 

Refinements of Bohr's formula Eq.(4.1) have been discussed for 

the particular case of loss of K-electrons by hydrogen-like ions 

(Dmitriev et al. 1965) and by helium-like ions (Senashenko et al. 

1968). As regards electron capture by bare nuclei with Z>1, Niko-

laev (1965) approximates a (Z,Z-1) on the basis of theoretical re-

sults by Brinkmann and Kramers (1930) and Schiff (1954), and he 

obtains the useful scaling equation 
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( Z2 (v/(2vJ)3 o(l,0) , (Z > v/(2v ) (4.14.a) 
oc(Z,Z-l) z 1 ° P ° 

[ Z5 o (1,0) , (Z < v/(2vQ) (4.14.b) 

where a (1,0) is the capture cross section for protons of the same 

velocity in the same medium. He also notes that Eq.(4.14.a), when Z 
i 

is replaced by q, should hold for any ion of sufficiently high charge 

q. Values a (1,0) are available from experimental and theoretical 

work. Among the extensive literature on charge exchange by protons 

and atomic hydrogen in gases we give a few of the more comprehensive 

references: experimental results are contained in reviews by 

Allison (1958), Allison and Garcia-Munoz (1962), Welsh et al. (1967), 

and in a paper by Toburen et al. (1968); theoretical formulations 

have been presented by Bates and Carroll (1962), Bates (1962), 

Dalgorno (1964) , Nikolaev (1966) , and Bates and Mapleton (1967). 

Electron capture into excited states 

A question of particular interest concerns the states into 

which electrons are captured by fast heavy ions. Quantum-mechanical 

calculations of electron capture cross sections have been reported 

only for simple cases such as for protons, helium ions, or hydrogen-

like ions passing through hydrogen, helium, and hydrogen-like atoms. 

For heavy ions only speculative arguments are available. 

It is quite illustrative to discuss briefly the results which 

have been obtained in the simple cases. Oppenheimer (1928) showed 

th,at alpha particles capture electrons from hydrogen atoms mainly 

inlfo s-states with cross sections which, for sufficiently high 

velocity, are simply given by 
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a = a /n3 , (v>>v ) (4.15) 
n i o 

where n denotes the principal quantum number. Since capture into 

other than s-states is neglected, Eq.(4.15) implies that capture 

into the ground state, a,, accounts for about 83 percent of the 

total capture cross section per ion. In a qualitative picture, 

capture is much more likely to occur into the ls-state than intô i 

ns-states because the Is electron is more tightly bound and has the 

larger spread in momentum space. Brinkmann and Kramers (1930) 

improved Oppenheimer's work but arrived also at Eq.(4.15). Jackson 

and Schiff (1953) and Schiff (1954) refine the calculations by 

Brinkmann and Kramers by taking into account the full interaction 

potential in the Born approximation and find that for protons 

passing through atomic hydrogen in the energy range between 25- and 

100 keV, i.e. in the range where q is close to 1/2, a, amounts to 

about two-third of the total capture cross section, whereas it 

approaches Oppenheimer's value at high velocities. In addition, 

they show that at velocities v z v capture into the 2p-state is 

larger than into the 2s-state. Bates and Dalgorno (1953) confirm 

Jackson and Schiffs results and extend the calculations to various 

other final states of the electrons captured by protons in hydrogen. 

It has been pointed out by Bates and Carroll (1962) and Dalgorno 

(1964) that all the calculations mentioned above are still not exact, 

but are probably good enough to render Eq.(4.15) a useful approxi-

mation. Thomas and Bent (1967) measured absolute single collision 

cross sections for the formation of various excited states of 

neutral helium atoms by the impact of 0.15- to 1.0-MeV protons and 

deuterons, and Thomas (1967) compared the results of that work 
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with theoretical calculations which are based on existing models. 

Vinogradov and Shevel'ko (1971) performed calculations on the 

formation of states of hydrogen projectiles excited by electron 

pick-up in single collisions with complex target atoms and find 

reasonable agreement with experimental data when electron capture 

from inner shells is taken into account. 

Unfortunately, conclusions have not been extended to 

collisions which involve partially stripped heavy ions and heavier 

targets. Bell (1953) states that in those cases electrons will 

necessarily be captured into fairly high quantum states. Bohr and 

Lindhard (1954) estimate on general grounds that fast heavy ions 

capture electrons from light and heavy targets into states of very 

high and modestly high excitation, respectively. A crude experi-

mental test of the latter assumptions will be discussed in Sec. VI.1 

IV. 2. Experimental Results and Comparison with Theory. 

This Section presents a tabulation and some characteristic 

graphical illustrations of charge changing cross sections which have 

been reported for heavy ions in the velocity range of present 

interest, as well as a critical discussion of these experimental 

results. Table IV.1 lists the values of a(q,q+n) as a function of 

the basic parameters arranged in the order Z, E, Z™, n, and q. The 

— 16 2 
units are 10 cnr /molecule. All listed cross sections have been 

measured individually mainly by means of the techniques discussed 

in Sec. III. Excluded are those cross sections which have been 

determined indirectly by using, for example, combinations of other 

cross sections with equilibrium charge state fractions. 
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In general, relatively large cross sections and especially the ones 

for single electron capture and loss have small errors ( ~ 10%) 

which are essentially due to the difficulties of measuring the 

thickness of the target gas. In the case of cross sections for 

multiple electron capture and loss, additional uncertainties 

arise due to the less accurate measurement of small charge 

fractions and from the use of unsatisfactory techniques of analysis; 

absolute errors may then rise to as much as a factor of perhaps 

two. The interpretation of the capture cross sections is often 

difficult because it is generally not known whether the measured 

values refer to the ground state or to the excited states of the 

ions; it will be described in detail in Sec. VI.1 that a may 

decrease significantly when the excitation of the capturing ions 

is increased. Whenever capture cross sections have been measured 

for different residual ion excitation only the largest values are 

listed in Table IV.1, corresponding to the ground state or to the 

states of lowest investigated excitation. A few of the listed 

values may be afflicted with further uncertainties because they 

had to be read off from small graphs, or because it was not known 
2 

whether the cross sections have been given in units of cm /atom or 
2 

cm /molecule. In some instances, the complete experimental data 

has been made available by the investigators and the cross sections 

have been re-evaluated using the least-squares technique described 

in Sec. III.2. It was found that single capture and loss cross 

sections, as is to be expected, changed on the average by no more 

than 5-10%, whereas multiple electron transfer cross section and 

especially those for double electron capture changed sometimes by 

as much as a factor of two. 
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Characteristic trends in the data have been found by many 

investigators and are illustrated in Fig. 4.1 - Fig. 4.10 and 

are discussed in Sec. IV.2.a-e. Comparison with theory is necess-

arily hindered because most theoretical results are valid only 

in restricted ranges of the basic parameters, whereby these 

limitations are in general not clearly spelled out, or because 

no theory exists which appears to be applicable to the experi-

mentally investigated cases. For example, explicit theoretical 

formulas give simple power functions for the dependence of single 

capture and loss cross sections as a function of v, but most of 

the measurements have been performed in velocity ranges where the 

cross sections are near a maximum. Furthermore, the important 

processes of multiple electron loss and multiple electron capture 

have not yet received sufficient attention from theorists. 

Several of the experimental results on cross sections which 

have been omitted from Table IV.1 deserve to be mentioned. Lo and 

Fite (1970) assembled cross sections for capture and loss in 

graphical form; the nuclear charge of the ions ranges from Z = 7 to 

Z = 92, but the energies do not exceed 2 MeV except in one case, 

and the initial charge states are limited essentially to q = 0 and 

q = 1+. 

2 
#' Lo and Fite do not specify whether they used units of cm /atom or 
2 

cm /molecule." On the one side, they reproduce results from many 

2 

authors in units of cm /molecule; on the other side, they show al-

most identical cros^ sections for those ceases in which both mono-
and diatomic oxygen targets have been used, thereby favoring the in-

2 
terpretation of a in units of cm /atom (however, see Sec. IV.2.e). 
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IV.2.a. Single electron capture. 

Experimental results on cross sections a(q,q-l) for capture 

of a single electron by bromine and iodine ions passing through 

gases of hydrogen, helium, nitrogen, and oxygen are shown in 

Fig.4.1 - Fig.4.8. As is to be expected from theoretical consider-

ations a (q) generally increases with q as is illustrated in Fig.4.1 -

Fig.4.6, though shell- and excitation effects may disturb that trend, 

and o (v) decreases with increasing v though there is undoubtedly a 

maximum at low ion velocities (see Fig.4.7 and Fig.4.8). Indications 

for a dependence of a on Z near q ££ q have been found which are not 

explicitly predicted theoretically. These and other trends will be 

discussed in the following sections. 

Shell effects in a . 
c 

It is evident from Fig.4.1 - Fig.4.5 that the continuous 

increase of a (q) is sometimes interrupted at the particular charge 

q = 7, and a (7,6) may lie considerably below a (6,5). Clear 

evidence for that effect has been found by Datz et al. (1970) for 

bromine ions and Betz et al. (1971a) for iodine ions. Since charge 

state 7+ corresponds in both ion species to an electron configuration 

of a closed principal shell, the M and N shell, respectively, the 

anomaleous behaviour of a (7) has been interpreted as a shell effect. 

It appears quite plausible to assume that it is relatively difficult 

to capture an electron into a new shell though a clear-cut theoretical 

explanation has not been given. The effect is found independent 

of the investigated target species, but seems to depend on the ion 

velocity. For iodine ions, a (7) shows a noticeable decrease re-
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lative to a smooth trend of a (q) for E < 15 MeV (Fig.4.2 -

Fig.4.4) and for E > 20 MeV, whereas no effect of comparable 

magnitude is seen in the intermediate energy interval. Interest-

ingly, the velocity of 20-MeV iodine ions corresponds closely to 

the orbital velocity of the captured electron in the ground state 

of the 6+ -ion. A more quantitative discussion of the shell effects 

is hindered by the uncertainties of the reported capture cross 

sections. Betz et al. (1971a) pointed out that residual ion 

excitation causes capture cross sections to decrease often by 

as much as a factor of ~2, so that an evaluation of the dependence 

of o on q is fair only when corresponding states of residual 

excitation of the ions are compared, preferably ground states. 

Unfortunately, in most of the experiments it has not been determined 

to what states of excitation the reported cross section values 

refer. Nevertheless, the existence of shell effects in the absence 

of residual ion excitatipn has been proven in several cases (Betz 

and Wittkower 1972b). Further evidence for an anomaleously decreased 

cross section a (7) of bromine and iodine ions may be seen in the 

fact that equilibrium charge state distributions of these ions often 

show slightly smaller values of the particular charge fraction F(6) 

than one would expect from a smooth distribution (see Sec. V.4). 

Dependence of a on the ionic charge. 

It appears that apart from shell- and excitation effects the 

over-all dependence of experimental single capture cross sections 

on the ionic charge q of heavy ions can be roughly approximated in 

the form 
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ac(q) * q . (4.16) 

The experimentally determined values of a may vary considerably 

depending on the different cases. There are strong indications for 

a systematic increase of a with the ion velocity at least for 

charge states in the range around q . Datz et al. (1970) find for 

bromine ions quite independent of the target gas (H_, He, and Ar) 

a value of a ^3.8 at 13.9 MeV and a sr 5.1 at 25 MeV. Fig.4.1 c c 

shows for bromine ions a =s 2.0, 2.7, and 3.2 at 6-, 10-, and 

14 MeV, respectively, but no clear-cut dependence is revealed for 

iodine ions in helium where a is between 2.5 and 3.0 (Fig.4.2) at 

all investigated energies. Likewise, the results shown in Fig.4.3 

give a z. 1.7, 2.0, 3.1 and 3.7 for iodine ions in hydrogen at 

5-, 10-, 15-, and 20 MeV, but no systematic trend is found for 

iodine at the same energies in oxygen where a lies between 2.0 

and 2.5. For charge states which are close to q and smaller than 

a certain charge q , which will be further discussed below, Angert 

et al. (1968) deduced values between 2.3 and 5.4 for iodine ions 

passing through nitrogen (Fig.4.5) and approximate their data by 

a purely empirical formula 

a = q * (v /v) " xlO jcm /molecule, (q < q ;2<v/v <4.5) 

(4.17) 

In addition, they approximate capture cross sections for q > q 

from their own work on iodine and from the investigations by 

Nikolaev et al.(1961a) of ions with atomic numbers in the range 

2 <. Z <. 7 stripped in nitrogen, and find the semiempirical relation 



ofq^v) = 18.1 q * (VQ/V̂  X 10 i c m / mol e c ul e ■ " [ « 

IV  23 

. (q > qc) 

(4.18) 

Nikolaev et al. (1957) determined a for nitrogen ions in nitrogen 
and argon and approximate their results in the form 

oc = 27ra2 Z2/3 q5/2
 ( V Q / V ) 5 jcm2/atom . (4.19) 

In a later study of nitrogen ions stripped in various gases, 
Nikolaev et al. (1961a) found that a increases from ~1.5 to ~3 

c 
g 

in the velocity range (2.6  8) x 10 cm/sec. 
According to Eq.(4.H), Bohr and Lindhard assume that a does 

not depend on v and has a constant value which amounts to 3 in 
hydrogen and helium targets, and to 2 in heavier target gases. 
Likewise, Bell's calculations are consistent with a = 2 (see 
Sep. IV.l.d), and do not account for the experimentally observed 
and sometimes systematic changes of a with the ion velocity. It 
is worth tp point out that an increase of a with v, at least in 
the range of charge states close to q, is qualitatively consistent 
with the observation that the width d of equilibrium charge state 
distributions does not increase noticeably within wide ranges of 
ion velocities. It has been shown in Sec.II. that according to 
Eq.(2.12) and Eq.(2.18), constant exponents a and a„ would lead 
to a broadening of the distributions when q increases. Thus, with 
a constant value of a , Bohr and Lindhard obtain the proportionality 
d* (q)T' which could not be verified for ions with atomic numbers and 
velocities corresponding to typical fission fragments (see Sec. V.4.b) 
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Dependence of a on Z. 

All explicit theoretical results from the theories outlined 

in Sec. IV.1 result in a strong dependence of a on q, but do not 

predict an influence of Z. However, Angert et al. (1968) have 

demonstrated that there is a Z-dependence which is quite pronounced 

in the cases they investigated. They plotted their capture 

cross sections according to Eq.(4.17) along with values from 

other investigators interpolated for the same ion velocity. A 

typical result is shown in Fig.4.6; for a given charge q, a de-

creases when Z increases, provided that q is smaller than q . 

They conclude that q is a certain critical charge such that theo-

retical approaches which are based on the assumption that the 

capturing ion can be treated as a classical point charge during the 

the collision are justified for q > q , but break down for q < q 

(see Sec. IV.l.d). Due to the limited data, an experimental 

determination of q is somewhat uncertain, but it seems that q 

c c 

depends at least on Z and v and, in the case of iodine ions, is 

substantially larger than q. The data obtained by Datz et al. 

(1970), Betz et al. (1971a), and Betz and Wittkower (1972a) does 

not show an approach of a to values close to 2 or 3 when q 

increases, but their data does not extend to energies which were 

used by Angert et al. Clearly, more experimental results are 

needed in order to clarify the situation. 

If observations and interpretation of q by Angert et al. 

are correct, formulas of the kind of Eq.(4.11) or the more 

empirical approximations like Eq.(4.18) would not be valid in the 

range of charge states around q, a range which is often of greatest 
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interest, but could be used for q >q , and perhaps even for 

extrapolations to very high charge states q >> q. On the basis 

of the present results it is still difficult to predict a 

quantitatively for q =̂  q because existing formulas for a can be 

regarded as approximations only. For example, Eq.(4.11) and 

Eq.(4.18) are different especially with regard to their velocity 

dependence though they give surprisingly close results for the 

particular case of ions passing through nitrogen with velocity 

4.15 v (see Fig.4.6). o 

Dependence of o on the ion velocity. 
c 

In qualitative agreement with theoretical estimates a (v) 

decreases with increasing ion velocity. This is also shown in 

Fig. 4.7 and Fig. 4.8. Quite independent of q, a (v) seems to 

have a maximum near v ^ v . Since most of the data was obtained 

for ion velocities close to this maximum (v/v <_ 4.5), a simple 

power function o (v) <* v " can not be employed very successfully 

in order to describe the experimental results. When the power 

law is used, one finds that p increases monotonically from 

~0 - 2 at v/v ^ 1 to ~4 - 6 at v/v =^4.5. In this range, no o o 

striking influence of Z is observable though it appears that p 

increases more strongly in light than in heavy targets. These re-

sults for bromine and iodine ions are similar to the ones obtained 

mainly for nitrogen and other light ions (Nikolaev et al. 1961a). 

Furthermore, the general trend of a (v) for the investigated ions 

agrees with that of a (1,0) for protons with the exception that p 

then assumes values whiph are larger by a factor of ~ 2 . 

Based on theoretical assumptions, elaborated in Sec. IV.1, 
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that those target electrons are preferentially captured the 

orbital velocities of which are close to the ion velocity, one 

should expect that p increases much more in light targets than 

in heavy ones. When ZT is large, ions of increasing velocity 

will still find target electrons with matching velocities, 

u :L v, i.e. electrons will then be captured from deeper shells. 

In the analogous case of protons, for example, Nikolaev (1966) 

shows that a (1,0) decreases less rapidly whenever v comes close 

to a velocity u of target electrons. 

-3 
Bohr and Lindhard's formula o (v) av , Eq.(4.11), is 

intended to apply to typical fission fragments, i.e. also to 

~50-MeV iodine ions. According to the approximations of 

experimental results for iodine ions, Eq.(4.17) and Eq.(4.18), 

p was found to amount at least to 4 and possibly to larger valves 

especially when q is close to q. 

Dependence of a on Z 

In general, o (Z ) increases with Z though this dependence 

becomes weaker for larger values of Z . At relatively low 

velocities of the order of v , a does not depend dramatically on 
o c 

Z_. Fig. 4.8 shows, for example, that a is only slightly smaller 

in hydrogen than in oxygen gas. The differences increase at higher 

ion velocities. Betz et al. (1971a) find almost identical capture 

cross sections for 14-MeV bromine ions (v/vQ = 2.66) in hydrogen 

and helium (provided that the cross sections are given in units of 
2 

cm /molecule); Datz et al. (1970) report cross sections ratios of 
1 : 1.3 : 2.5 and 1 : 3 : 5 for bromine ions in hydrogen, helium 

and argon at 13.9 MeV (v/vQ = 2.65) and 25 MeV (v/v = 3.55), 
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respectively; Moak et al. (1968) found for 110-MeV iodine ions 

(v/v = 5.9) ratios of o (12,11) in hydrogen, helium and argon 

which amount to 1 : 4 : 5.6, respectively. On the theoretical 

basis of Eq.(4.11) and Eq.(4.12) one would expect much larger 

ratios in the above cases. Nevertheless, it may be concluded 

that the relatively small values of a in hydrogen are responsible 

for the increase of the average equilibrium charge q relative to 

heavier target gases which is observed for very fast ions (see 

Sec. V.3.b). 

An interesting anomaly has been observed by Wittkower and 

Betz (1972) for tantalum and uranium ions passing through helium 

with velocities near v — v (see Sec. V.3.b). Though no capture 

cross sections have been measured directly, Betz and Wittkower 

conclude from the unusual behaviour of charge fractions in this 

velocity range that a (v) is likely to be significantly smaller 

in helium than in all other investigated target gases. A similar 

behaviour of o is also observable in the results by Wittkower and c 

Gilbody (1967) who measured capture cross sections a(1,0) for neon, 

argon and krypton ions passing through helium and other gases at low 

velocities, though these authors do not explicitly note the effect. 

In view of the relatively large binding of the most weakly bound 

electrons in helium (~25 eV) compared to the other investigated 

targets ( < 16 eV), it ip reasonable to assume that it becomes 

difficult for slow ipns with low charges to liberate electrons 

from the helium atom. This corresponds to a decrease of the cross 

section a' in Eq.(4.3) which leads to smaller capture cross sections. 
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b. Multiple electron capture 

Table IV.1 contains a large number of multiple capture cross 
sections o(q,qn) of heavy ions, and some of the systematic trends 
are illustrated in Fig.4.1  Fig.4.4, and in Fig.4.9. As a rule, 
these cross sections are relatively small. For example, the ratio 
k__ = a(q,q2)/ a(q,ql) amounts in all reported cases to less than 
~9% in light targets. Most investigators encountered considerable 
difficulties in measuring double capture cross sections of heavy 
ions (see Sec. III.2), and experimental errors 6a (q,q2) are seldom 
below ~50%. The problems are magnified in the case of cross sections 
for capture of more than two electrons, and results for n > 2 have 
not been reported for ions with Z > 7. We will, therefore, concen
trate mainly on the discussion of double electron capture.^ 

Fig. 4.1  Fig. 4.4 demonstrate that c(q,q2) generally in
creases with the initial charge of the capturing ions. In most 
cases, bromine and iodine ions show a characteristic discontinuity 
in c(q,q2) for q = 8 which is just outside the error limits. 
Independent of the investigated target gases, a (8,6) turned out to 
be smaller than a (7,5). Betz et al. (1971a) attribute this effect 
to the influence of the M *• N and N ■*- 0 shell transition, respect
ively. As has been found in the case of single electron capture, 
a final state appears to be somewhat less favored when electrons 
are to be captured into a new principal shell. Apart from these 
and other possible distortions it is apparent that cross sections for 
double capture increase more strongly with q than the ones for 
single electron capture. In all the data shown, k_„(q) increases 
with q, but it is not evident whether it reaches a constant value 
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or decreases for q >> q. Fig.4.9 displays k_„ for 15-MeV 

iodine ions in oxygen, and k_» increases from ~4 to 21 % in the 

range of charge states between 5+ and 11+. The largest values 

have been found for 5-MeV iodine ions in oxygen where k__ reaches 

36% for q = 7+ (Fig.4.3). 

It is a quite general observation that k_„ decreases when 

the ion velocity becomes higher, and increases — sometimes non-

monotonically — when targets with larger atomic numbers are used. 

The former observation implies that a(q,q-2) decreases more steeply 

with v than the single capture cross sections. As an example, it 

may be mentioned that the largest values of k_„ measured for iodine 

ions decrease in hydrogen from 9% at 4.5 MeV to 2.3% at 20 MeV, 

and in oxygen from 36% at 5 MeV to 8% at 20 MeV. The values in 

helium are mostly comparable thpugh somewhat larger than the ones 

in hydrogen. Furthermore, k__ increases with the nuclear charge 

of the projectile ions though shell effects may sometimes lead to 

non-monotonic changes. These results agree qualitatively with the 

findings by Nikolaev et al. (1961b) for ions with Z < 15 and Z = 36 

with initial charge states q < 7 passing through gases of helium, 

nitrogen, argon, and krypton. Extending measurements of similar 

kind, to higher velocities Macdonald et al. (1971,1972) investigated 

cross sections of oxygen and fluorine ions in helium, nitrogen and 

argon and found characteristic maxima in the dependence of k_„ on 

the ion velocity. 

Nikolaev et al. (1961b) point out that despite their smallness 

multiple capture cross sections have a decisive influence on 

equilibrium charge state distributions; most of the ions with 
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q<<q will in fact be formed by simultaneous capture of several 

electrons. This is easily understood by comparing the transition 

rates a(q',q)F(q') for a given charge state q under equilibrium 

conditions. 

A theoretical treatment of double capture by helium nuclei 

in helium has been given by Gerasimenko and Rozentsveig (1956) . 

The calculated values differ by a factor of only ~2 from comparable 

experimental results. Nikolaev (1965) relates measured values of 

k_2 (q) to the ionization potential I _2 of light ions and finds 

3/2 k_2«I _2 , provided that k_2 <10%. Obviously, the probability 

for capturing several electrons in a single encounter depends 

critically on the degree of ion excitation. The total excitation 
* 
I of an ion of initial charge q after effective capture of n 

electrons must be smaller than I _ and, thus, capture must proceed 

largely into ground states especially when n > 2. Otherwise, 
* 

I. > I will lead to the ejection of one or more electrons due 
t q-n J 

to rearrangement processes. Since electron capture by fast heavy 

ions is likely to occur preferentially into excited states at 

least for charge states q z. q (see Sec. VI.1), one may argue that 
* 

I. exceeds I after most collisions with n > 2, i.e. it is not 
t q-n ' 

possible that all of the initially captured electrons remain bound. 

This implies that the probabilities for initial capture of more 

than one electron are higher than the actually observed values. 

Furthermore, residual excitation of the ions prior to the capture 

process must be expected to reduce multiple electron capture pro-

babilities by a substantial amount. 
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Multiple capture cross sections with n > 2 have not been 

reported for ions heavier than argon though one should expect 

that these processes occur with small probabilities provided that 

the target contains atoms or molecule with at least n electrons. 

Experimental difficulties in measuring a small cross section 

a (q.j ̂q.; ~ n ) V x a nonequilibrium charge state distributions arise 

when the direct transition rate a (q.,q.-n)Y(q.) due to the ions 

incident with charge q becomes much smaller than second order 

rates such as a(q.-n+1,q.-n)Y(q.-n+1). Additional complications 

may be bothersome when residual ion excitation becomes influential 

(see Sec. III.2). These difficulties are generally more severe 

for heavy than for liqht ions and are partly responsible for the 

lack of data on o(q,q-n) with n > 2. 

c. Single electron loss 

Experimental cross sections a(q,q+l) for the loss of a 

single electron by heavy ions in collisions with target atoms 

are contained in Table IV.1, and selected cases are shown 

graphically in Fig. 4.1 - Fig. 4.5, Fig. 4.7, and Fig. 4.8. 

Most of the data has been obtained for bromine and iodine ions 

passing through hydrogen, helium, nitrogen, and argon at ener-

gies which were usually below 'v 65 MeV, except in a few cases 

of 110- and 162-MeV iodine ions. The accuracy of the reported 

cross sections is often close to ^ 10%, except when a(q,q+l) 

becomes relatively small, i.e. when q>>q". 

The probability a(q,q+l) decreases when the ions are in 

higher charge states. Fig. 4.1 - Fig. 4.5 illustrate this trend 
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for bromine and iodine ions. It appears that c(q,q+l) decreases 

steeper in light targets than in heavy ones, especially when 

q>>q. The rate of decrease varies with q and a simple power 
-a0 

function a(q,q+l)aq x,Eq.(2.17), or an exponential function 

a(q,q+l)a exp(-a.,q), Eq.(2.10), are good approximations only 

within limited ranges of charge states. When q is close to q", 

a. is in general of comparable but somewhat smaller magnitude 

than the corresponding exponent a for single capture cross 

sections. Moller et al. (1968) find that a. is only slightly 

larger than unity (Fig. 4.5) — in contrast to Bohr and Lind-

hard 's theoretical estimate a„ = 3, Eq. (4.10). There is no 

obvious systematic variation of af with the ion velocity which 

is clearly outside the experimental errors; however, the data 

is too limited to allow further generalizations to be made on a 

simple basis. 

No striking shell effects have been observed in the loss 

cross sections though slight indications for a possible influ-

ence of the shell structure of the ions have been discussed by 

Betz et al. (1971a) and Betz and Wittkower (1972a). In many 

cases in which the accuracy of the experimental cross section 

values was better than ~10%, c(q,q+l) exhibits a step structure 

such that a(4,5) and a(6,7) of bromine and iodine ions are some-

what larger than a smoothed trend would suggest. Since initial 

charge states 4+ and 6+ correspond in both cases and for both ion 

species to ion configurations with a single electron outside a 

closed shell, the enhancement of the loss cross sections appears 

plausible. A stronger shell effect can hardly be expected because 



IV - 33 

a large number of outer electrons contribute to the loss cross 

section per ion, thereby diluting the influence of particular 

electrons. 

Fig. 4.7 and Fig. 4.8 illustrate a typical velocity depen-

dence of single electron loss cross sections. In the velocity 

ranges investigated for bromine and iodine ions, a(q,q+l;v) shows 

a broad maximum whenever the velocity of the most weakly bound ionic 

1/2 

electron, approximated by u = (21 /m.) ' , approaches the ion velo-

city. Though the experimental data for heavy ions allows only 

an approximate estimate of the location of these maxima to be 

made, it is evident that they are shifted to velocities u which 
J m 

lie noticeably above u. It has been noted in Sec. IV.l.d that 

the theoretical expectation u = u is based on Massey's adiaba-
^ m q 2 

tic criterion. The experimentally observed deviations from that 

rule, sometimes as large as u /u - 2 even for nitrogen ions, are 

most likely a consequence of the approximate character of the 

criterion. In particular, effects of differing target atoms 

and of contributions of more tightly bound inner electrons in 

the ion to the single electron loss probability per ion have 

been disregarded. A more serious question arises due to the 

discrepancy of Massey's criterion and experimental results with 

Bohr and Lindhard's prediction Eq. (4.10). On the one side, 

0 (q,q+l;v) is expected to show a maximum near v = u ; on the 

other side, Eq.(4.10) predicts just in that velocity range a 
2 

dependence a. <* v , i.e. in the range where according to Sec. 

IV.1.a, Sec. V.l.a, and Sec. V.2.c the charge q is close to q" 

and, thus , a (q)=a (q). In view of the data, it must be con-
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eluded that neither theoretical approach is strictly applicable 

though it must be stressed that Massey's criterion is at least 

qualitatively of considerable usefulness. 

The data in Table IV.1, Fig.4.7, and Fig.4.8 show that 

aj generally increases with Z , but the differences among vari-

ous targets depend on both q and v. For example, a„ of iodine 

ions stripped in hydrogen and oxygen differ substantially for 

higher charge states, but are very close to each other for low 

charge states. Dmitriev (1962a) studied single electron loss 

by ions in the range 2£Z£18 and Z = 36 with velocities between 

2.6- and 12 x 10 cm/sec. The results are in resonable quali-

tative agreement with the above. These authors and, in a later 

review, Nilolaev (1965) work out a close relation between cr.(q) 

and the number of electrons in the outer shell of the ions which 

lose an electron in a single collision. This concept, however, 

is not readily applied in the case of heavy ions where inner 

electrons contribute significantly to the single loss cross 

section. 

d. Multiple electron loss 

The probabilities for loss of several electrons as a 

result of a single collision of a heavy ion with a target atom 

or molecule are very interesting quantities which receive ap-

preciable attention not only from those investigators who are 

primarily concerned with phenomena of charge exchange. Bohr 

(1948) and Bohr and Lindhard (1954) assumed, as has been dis-

cussed in Sec. IV.1.a and Sec. IV.l.c, that the maximum energy 
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transfer in an ion-atom collision is given by 2m v , correspond-

ing to classical impact of a heavy target core and an electron 

in an ion with the relative velocity v. Thus, in their calcu-

lation of single electron loss cross sections, only those ion 

electrons are assumed to contribute to the total loss which have 

orbital velocities u*=2v. Consequently, multiple electron loss 

is severely hindered. Nevertheless, Bohr and Lindhard state 

that there is a considerable probability that several electrons 

are lost or captured by the ion, though they do not give further 

estimates - neither do other authors. 

Experimental results on cross sections a(q,q+n) of heavy 

ions have shown that simultaneous loss of n electrons occurs 

with extremely high probabilities even when n is large. System-

atic measurements have been performed by the groups at Heidelberg 

(Betz et al., 1966; Moller et al., 1968), Oak Ridge (Moak et al., 

1968; Datz et al., 1970), and Burlington-Cambridge (Betz et al., 

1971a; Betz and Wittkower, 1972a) with energetic beams of arsen-

ic, bromine, and iodine. These and other results are listed in 

Table IV.1, and are partly shown in Fig. 4.1 - 4.4, Fig. 4.9, 

and Fig. 4.10. The ratio k between double and single loss of 

iodine ions is often as large as ^60% in heavy targets (Z ̂ 7 ) ; 

^50% in helium, and ^25% in hydrogen (Fig. 4.10). In general, 

k2 increases with both Z and Z , but decreases when v is in-

creased. The dependence on q is mostly weak though no clear-

cut trend has been observed (compare Fig. 4.1 - 4.4 and Fig. 

4.9). As regards k^ especially for n>2, there is a dramatic 
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difference between light and heavy targets. In hydrogen and 

helium, k decreases rapidly with increasing n, but in heavier 

gases such as nitrogen, oxygen, or argon, k decreases slowly 

with n. Fig. 4.10 illustrates, for example, that the probability 

for simultaneous loss of 8 electrons by 15-MeV iodine ions of 

initial charge 5+ in oxygen amounts to almost 6% of the single 

loss cross section o(5,6). Likewise, Moak et al. (1968) found 

kR ~ 4% for 110-MeV iodine ions with initial charge 12+ in ar-

gon. Though multiple loss cross sections have not been measured 

directly for n>12, it is known that the maximum number of lost 

electrons can be much higher; for example, 12-MeV iodine ions 

with initial charge 5+ may loose as many as 2 7 electrons in a 

single encounter with a xenon atom (Kessel, 1970). The large 

probabilities for multiple electron loss result (in the absence 

of equivalent multiple capture cross sections) in pronounced 

asymmetries of equilibrium charge state distributions; this can 

be explained on simple mathematical grounds (Sec. II.3) and 

agrees well with experimental evidence (Sec. V.4.c). 

There is little doubt about a qualitative explanation of 

the observed effects. Following the discussion by Dmitriev et 

al. (1962b), we distinguish two basically different processes, 

(i) direct ionization and (ii) quasi-molecular collisions. As 

regards (i), individual electrons in an ion are lost via a 

direct interaction with atoms of the medium. In particular, 

the loss of an individual electron occurs quite independent of 

the presence of other electrons in the ion. Obviously, this 
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mechanism applies primarily to the loss of electrons from outer 

shells and is the only relevant mechanism of electron loss by 

light ions or, more general, by ions which contain very few 

electrons. Furthermore, this mechanism is not likely to give 

rise to exceedingly large multiple electron loss cross sections 

and, in fact, light ions show relatively modest values of k 

(Dmitriev et al., 1962b) . As regards (ii) , it is now well es-

tablished that heavy ions in collisions with heavy targets form 

pseudp-molecular states and emerge — immediately after the 

collision — in highly excited states, often with vacancies in 

inner shells (Fano and Lichten, 1965; Lichten, 1967). Then, 

rearrangement processes via Auger decay lead to the observed 

multiple ionization. This latter process is responsible for the 

large multiple loss cross sections with n>>l. In this light, 

it is understandable that k remains small in light targets 

which can not produce sufficient shell overlap in collisions with 

heavy ions. Since processes (i) and (ii) are dominant for low 

and high values of n, respectively, one may speculate that the 

region of overlap of the two processes is just that range of 

n in which k shows a decrease with n which is, significantly 

weaker than for both lower and higher values of n. This effect 

is clearly visible near n = 5 in Fig. 4.10. Further evidence 

for multiple ionization events is discussed in Sec. V.4.e. In-

cidentally, the scattering of heavy ions which results from close 

collisions with heavy targets must not necessarily be much lar-

ger than the divergence of the ion beam; for example, when 12-MeV 
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iodine ions collide with xenon with an impact parameter such 

-9 that the L shells overlap (2r = 10 cm), as many as 25 electrons 

may be finally lost but the ion is scattered by no more than 
i 

approximately 1 deg. 

Finally, we note that the hard collisions which involve 

inner-shell penetration can not be described when either colli-

sion partner is treated as a point charge. It is also inter-

esting to point out that multiple electron loss and capture are 

based on essentially different processes. In particular, high 

excitation of ions in collisions reduces multiple capture but 

enhances multiple loss. Little is known about the times which 

are necessary to complete the rearrangement processes of ions 

initially highly excited. When these times are longer than the 
i 

actual collision time, implications will arise with regard to 

stripping in large molecules or solids (see Sec. VI.2.b). 

Given the qualitative understanding of multiple electron loss, 

one may hope that qualitatively satisfactory theories can be 

worked out in the future. 

e. Non-additivity of charge changing cross sections 

in molecular targets 

It has sometimes been suggested that it may be possible 

to predict electron capture and loss cross sections in complex 

molecules simply by adding together the individual cross sec-

tions for each atom in the molecule. For example, Toburen et 

al. (1968) and Dagnac et al. (1970) have employed such a rule 

quite successfully for some electron capture and loss cross 
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sections of hydrogen projectiles passing through a variety of 

gases. As theoretical justification of that rule, it has been 

argued that at high enough velocities of the incident particle 

the target molecule appears as an assembly of individual atoms 

whereby the molecular forces are negligible. Wittkower and Betz 

(1971b) measured charge changing cross sections a(5,q) for 12 

MeV iodine ions passing through H~ , N„, 0 , CO , N O , CH. and 

C_H 0 and found that no simple rule can accurately describe 

the cross sections for the complex molecules on the basis of 

cross sections for the single atoms (compare Table IV.1). In 

particular they found no evidence for a general additive rule. 

For example, the cross sections obtained for C_H_.0 are signi-
3 b 

ficantly smaller than any possible addition of cross sections 

for its components, and the single capture or loss cross sec-

tions for C differ substantially when determined from 

a(CO )- o(0) and a(CH4) - 2a(H ). On the other hand, it ap-

pears that the use of the additive rule for hydrogen projec-

tiles is too successful to be fortuitous; the divergent results 

point out the difference of the charge exchange mechanism in 

these two cases. 

Tuan and Gerjuoy (1960) showed in a theoretical paper that 

an additive rule is incorrect even in the case of electron capture 

by fast protons in mono- and diatomic hydrogen. However, the avail-

able experimental results with protons prove these differences to 

be fairly small. On the basis of the results of Sec.IV.1 it must 

be assumed that the relatively small binding in molecular targets 

is easily overcome by heavy ions which have a high charge and travel 
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with high speed. Nevertheless, one must conclude from the failure of 

the additive rule that a collision between heavy ions and a com-

plex molecular target cannot be treated as a sequence of succes-

sive collisions with the individual target atoms. A convincing 

explanation has not yet been given. Wittkower and Betz argue 

that collisions of heavy ions and protons differ in many aspects. 

For example, it is possible for more than one electron in heavy 

projectiles to interact with the target at the same time, and 

ion excitation may play an important role. Still, the nature 

of these complex collisions is not sufficiently understood, and 

we cannot yet predict heavy ion cross sections in molecular tar-

gets even if we know cross sections for all its components. 

Finally, it is interesting to note that an additive rule, the 

so-palled Bragg rule, appears to hold reasonably well for a 

description of the energy loss of heavy ions in molecular tar-

gets (Northcliffe and Schilling, 19 70). This may be understood 

when one takes into account that energy loss is a more sta-

tistical quantity as compared to a specific charge changing 

probability, and contains averages of the influence of many 

different collision processes. 
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In this chapter we present a detailed discussion of the 

average equilibrium charge, q~, of heavy ions stripped in gaseous 

(qr) and solid (qq) targets, and of the actual distribution, 

F(q), of charge states which are centered around the mean. On 

the one side, these quantities are of great theoretical interest 

and their understanding requires thorough knowledge of atomic 

collision phenomena. On the other side, the composition of 

charge states in a heavy ion beam is of decisive importance 

for many practical purposes. Increasing activity in heavy ion 

work makes it desirable to have extensive and accurate informa-

tion about charge state distributions. This is vital, for 

example, for the design of charge converters (strippers), heavy 

ion accelerating systems, and for the detection of heavy ions 

emerging from equilibrium targets. Limited theoretical calcu-

lations have been performed in order to obtain q for heavy ions 

penetrating through diluted gases. Qualitatively, the calcu-

lated results are sometimes in fair agreement with experimental 

ones, but none of these theories, all of which have been pub-

lished prior to 1953, allows to predict q both with sufficient 

accuracy and over large ranges of projectile species and velo-

cities. However, it will be shown that a proper application 

of the well-known criterion by Lamb(1940) and Bohr (1940, 1941) is 

quite useful for the calculation of average charge states in gaseous 

targets. 

No quantitative theory is available for average equili-

brium charge states which are produced by solid targets. For 

very light ions, q_ differs very little from q_, but for heavy 
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ions, q0 exceeds q̂ , often by more than a factor of 2. Interest-
S G 

ingly, the mechanism of that effect has not yet been completely 

explained and it is still being disputed whether the large in-

crease is produced inside or outside the solid. This lack of 

understanding points out the great complexity of heavy ion 

charge changing collisions. 

During the past 20' years, considerable efforts have been 

made to investigate q and F(q) experimentally for a great 

variety of ions and targets. Especially for q"quite represent-

ative experimental data has now been accumulated. Based on 

observed regularities and on simple theoretical grounds, many 

investigators were enabled to develop useful semiempirical tech-

niques. Thus, it became possible to interpolate and, to some 

extent, extrapolate existing data on q. It is far more diffi-

cult to systematize the existing experimental results on F(q). 

Width and asymmetry of the distributions are sensitive para-

meters and more measurements need to be done in order to allow 

the desired generalizations to be worked out. 

y.l Theoretical Calculations of Average Equilibrium Charge 

States in Diluted Gases. 

The first theoretical estimates for average charge states 

have been given by Bohr (1940, 1941), Lamb (1940), Knipp and 

Teller (1941), and Brunings, Knipp, and Teller (1941). These 

authors primarily attempted to calculate the energy loss of 

uranium fission fragments which was believed to vary approxi-

mately with the root mean square value of the actual charges 

carried by the fragments during the slowing down process. In 
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order to obtain these charge states it is necessary, in princi-

ple, to perform very detailed calculations of the probabilities 

for electron capture and loss by the fast fragments. However, 

since it has been realized that such an undertaking is far too 

difficult to be readily carried out in practice, all authors 

named above based their estimates for average charge states on 

general grounds rather than on calculations of individual charge 

changing cross sections. For the sake of clarity, it should 

also be noted that in the following only these parts of the 

cited references will be discussed which deal with the direct 

calculation of the average ionization, whereas those parts will 

be disregarded which connect q with the energy loss or, in turn, 

deduce q from results of energy loss measurements. Some remarks 

on that latter vital question can be found in Section V.5. 

a. Bohr's criterion 

Bohr presented pioneering contributions concerning the 

problem of average charge states of fission fragments. His 

ideas were first indicated in two brief notes (Bohr 1940, 1941), 

and are described in greater detail in both a comprehensive 

article on atomic collisions (Bohr 1948), and in a paper dealing 

exclusively with electron capture and loss by heavy ions (Bohr 

and Lindhard 1954). As regards the average charge, Bohr as-

sumes that a fast heavy ion penetrating through rarified gases 

retains all of its electrons which have orbital velocities which 

are greater than the velocity of the ion. The electrons with 

smaller velocities are torn off by collisions, whereas the re-

moval of electrons of higher velocity is very improbable since 
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for such electrons the collision is adiabatic (compare Section 

IV. l.a). This physically reasonable criterion serves as a most 

important basis for many further theoretical and semiempirical 

treatments. Its approximate validity has been proven well 

enough so that one can conclude that, in a first order approxi-

mation, it reduces the problem of calculating q(Z,v) to a 

calculation of orbital velocities of electrons in ions, u(Z,q). 

In an attempt to derive an analytical expression for that de-

* * pendence, Bohr introduces the electronic velocity u = Z v /n , J o ' 
* 

where Z is a measure of the strength of the field in the re-

gion in which the electron is bound, as compared with the field 

of a hydrogen nucleus, and n is the socalled effective quan-
* 

turn number. According to Bohr, Z approximately represents the 

number of electrons with velocities smaller than u. Consequent-
* 

ly, Z '- q, and, with u = v, he arrives at 

_ * 

q = n V/VQ. (5.1) 

Furthermore, Bohr argues that for the most loosely bound elec-

tron in the ground state of an ion, over a large intermediate 

region of q, n will have a flat maximum corresponding to values 

1/3 close to Z , a result which is in conformity with the analysis 

of the electron binding by the Thomas-Fermi statistical method. 

For q close to, but not larger than Z/2, this yields the well-

known formula 

q/Z = v/(v Z2/3) . (Kv/v < Z2/3) (5.2) 

When this equation is used, it should be kept in mind that its 

range of validity is restricted. Bohr emphasizes that n natur-
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ally decreases when q becomes larger or much smaller than Z/2. 

In the extreme cases for ionizations close to zero or Z, the 
* 

values of n approach unity. Since Eq.(5.2) does not take into 
* 

account that decrease of n , it overestimates q in most cases. 

Let us consider the example of iodine ions for which Bohr's 

estimate is n =3.75. It is possible to re-evaluate h accord-

ing to its definition n = qv /u, where u denotes the velocity 

of the most weakly bound electron in the ion. In as much as u can 

be computed from the relevant ionization potential, one obtains 
* 

for, say, q = 20, the much smaller value n = 2.95. But even 

in the range where q/Z is close to and somewhat smaller than 

Z/2, Eq.(5.2) leads to values which are 20-30% too high. In 

view of the approximations for Z and n , better agreement can 

hardly be expected. 

The above discussion shows that, in agreement with Bohr's 

expectations, Eq.(5.2) is useful only for rough approximations. 

But it is important to emphasize that Eq.(5.2) does not reflect 

the full contents of Bohr's criterion. It will be shown in 

Section V.2.c that a more accurate application of the criterion 

allows much closer estimates to be made for average charge 

states, provided that the relevant orbital velocities u can be 

computed with sufficient accuracy. Incidentally, it is inter-

esting to apply Bohr's criterion to the extreme cases where 

q~ approaches Z: one would then expect that ions become almost 

fully stripped at velocities v = Zvo . Within the expectations, 

this has been verified experimentally for many light ions with 

Z < 18 (see, for example, Heckmann et al. 1960, 1963) and is 
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also generally accepted for heavy ions, though it must be real-

ized that, especially for these extreme cases, the criterion 

can.not be claimed to be a rigorous one. 

Before more sophisticated calculations of q are discussed, 

it is essential to note that Bohr's criterion could be defined 

presicely only when ions were present in a single charge state. 

Then, in its simplest interpretation, the condition that, on 

the average, electrons with u > v remain bound, defines a step-

function q(v) which jumps up by one unit of charge whenever v 

increases to the value equal t o the velocity of the next inner 

electron. However, in practical cases where ions penetrate 

through a target at a given velocity, one has to deal with a 

distribution of charge states. Then, q becomes a continuous 

function of v so that Bohr's criterion can be satisfied only on the 

the average, and the question arises how the original step func-

tion should be smoothed. This problem is particularly critical 

when the charge distribution extends across two different prin-

cipal atomic shells. 

It may be added that no new information about average 

charges is obtained when one equates Bohr's cross sections for 

electron capture and loss, Eqs.(4.10) and (4.11). The reason 

for that is that a„ contains the effective charge of the target 

atoms which Bohr estimates directly from his criterion on aver-

age charge states. Thus, in his cursory estimates, Eq. (5.2) is 

introduced into the formula for o rather than following from 

o„ and a . £ c 
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b. Lamb's approach 

Independent of Bohr's work, Lamb (1940) determines the 

average charge q(v) of fission fragments by energetic considera-

tions. He assumes that the fragments will be stripped down 

until the ionization potential of the next stage of ionization 

is greater than the kinetic energy of electrons which, rela-

tive to the ion, bombard the fragment with a velocity v. As 

in Bohr's derivation, this means essentially the neglect of 

the binding of the target electrons and of any specific effects 

from the target atoms. In his calculations for Z = 42 and 

Z = 50, he estimates the required successive ionization poten-

tials of these elements by the Thomas-Fermi method. However, 

since the statistical model, as is to be expected, gives too 

low ionization potentials for the first few charge states, he 

takes semiempirical values for q £: 6. In order to compare his 

tabulated results for the two ions with results from other in-

vestigators, it is convenient to plot the relative ionization 

— 2/3 

q/Z as a function of the reduced velocity v = v/(v Z ' ). 

Fig. 5.1 shows that his results conform well with such a depen-

dence. Knipp and Teller (1941) pointed out a certain weakness 

of Lamb's arguments: on the one hand, target electrons can 

not rigorously be considered as free, and on the other hand, 

collisions with free electrons must not necessarily lead to 

ionization when Lamb's condition is fulfilled. However, as also 

stated by Knipp and Teller, the main justification of Lamb's 

assumption may be seen in its close relation to Bohr's criterion. 

Theoretically, Lamb's method of treatment would be identical with 
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the one by Bohr if all electrons would move in a Coulomb field, i.e. 

if the virial theorem could be applied to each electron in the ion. 

The latter theorem, however, is valid only with regard to the total 

ion (Lowdin 1959) and, thus, one must expect certain differences 

between Bohr's and Lamb's method. It will be shown in Sec. V.2.c 

that Lamb's approach yields results which are in good agreement 

with experiments. 

c. Statistical method by Knipp, Teller, and Brunings. 

Knipp and Teller (1941) assume in agreement with Bohr, 

that q depends primarily on the ratio of electronic to ionic 

velocities. As a measure of the velocity of the most loosely 

bound electron within the ion, they take the root mean square 

value, u, of this velocity calculated from the Thomas-Fermi 

model. The statistical model allows to represent the ionic 

charge q as a function of u 

q/Z = f[iI/(voZ
2/3)] f (5.3) 

where f has been evaluated numerically. In subsequent studies, 

Brunings and Knipp (1941) and Brunings, Knipp and Teller (1941) 

refine the above method. They show that the universal depen-

— 2/3 dence of q on u/Z is obtained only for large values of Z, 

whereas the function of f changes for smaller Z. In the cases 

which they present, Z = "6 and Z = 10, q/Z decreases by approxi-

mately 10-and 5% compared to large Z. Knipp and Teller also 

indicate, that a transition from Eq. (5.3) to a universal rela-

— 2/3 

tion q/Z = f(v/Z ' ) is not easily performed without ambigui-

ties. In fact, when u = v is assumed, the ayerage ion charge 
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will lie between q and q + 1 and may be close to q + 1/2. 

Hence, Eq. (5.3) represents an upper envelope of Bohr's step-

function mentioned above, and, for a given value of q = q, 

the corresponding value of v should be read at q + 1/2 from 

the curve Eq. (5.3), averaged between q and q + 1 . 

In a modification of Bohr's criterion, Brunings et al. in-

troduce a more general relation between the characteristic elec-

tron velocity and the ion velocity, u = yv, where the adjust-

able parameter y serves to correct possible insufficiencies of 

Bohr's criterion. However, they determine values of y from 

energy loss measurements; therefore, their results for y do 

not allow a direct evaluation of the validity of Bohr's cri-

terion. It should also be noted, that they make the alterna-

tive supposition that the characteristic velocity is equal to 

the root mean square velocity of the outermost electron of the 

Thomas-Fermi distribution for the ion. The resulting ioniza-

tions are especially for q/Z < 0.8 much larger than the ones 

obtained from Eq. (5.3) and lie mostly above Bohr's estimate 

Eq. (5.2). For q/Z £ 0.3, in contrast, their first estimate 

which is based on the velocity of the most weakly bound elec-

tron is substantially lower than the one by Lamb. They attri-

bute this latter discrepancy — probably erraneously — to a 

violation of the virial theorem in Lamb's approach. 

d. Bell's method. 

A computation of the average charge of particular fission 

fragments which is not based directly on Bohr's criterion has 

been performed by Bell (1953). Using his numerical estimates 
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for electron capture and loss cross sections (Section IV.l.b) 

he derived q(v) for the two fragments with nuclear charges 40 

and 50, stripped in oxygen gas in the velocity range 

2 ~ v/vo ~- 8. When q/Z, taken from his graphically shown re-

2/3 

suits, is plotted as a function of v/(v0 Z ), one obtains al-

most a single curve for both fragments (Fig. 5.2). Only at re-

lative ionizations below 0.3 the charges for Z=40 fall slightly 

below the ones for Z - 50. The latter trend is in qualitive 

agreement with the one obtained by Brunings et al. (1941), though 

Bell's values lie much higher for q/Z < 0.3 and are very close 

to Lamb's estimates. 

y.2 Experimental Results and Comparison with Theory 

I a. Experimental data 

Experimental results on average equilibrium charges have 

been obtained for a number of heavy ions with Z > 18 up to 

uranium, inclusive, stripped in gaseous and solid targets at 

energies up to almost 200 MeV. Table V.l lists most, if not all 

of the available data which has been measured up to date for 

these ions stripped in gases with intermediate atomic numbers, and 

in solids of carbon and formvar. Additional results for other 

strippers are contained in compilations by Moak et al. (1968), 

Datz et al. (1971) and Wittkower (1972). In order to facili-

tate an analysis of the dependence of q on Z, Table V.l con-

tains also some results for sulphur, chlorine and argon ions. 

The data marked with reference numbers 9 t 11, and 13 has been mea-

sured using a short target cell (L = 2.83 and 3.65cm) and is 

influenced by the density effect (see Section VI), whereas the 
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other data refer to longer collision chambers in which charge 

state equilibrium is reached at a lower gas density, and which 

allow to better fulfill the condition for having "dilute" tar-

get gases. Most of the data has been taken from the original 

data tables. In a few cases, apart from experimental uncer-

tainties, the listed data could be slightly ambiguous due to 

one or more of the following circumstances: data had to be 

read off from small graphs; the projectile mass has not been 

specified (then, the mass has been assumed to be the one of the 

most abundant isotope); it has not been noted whether the pro-

jectile energy refers to the initial or to the final beam (then, 

the former possibility has been adopted); it has not been indi-

cated whether the condition for charge equilibrium has been ver-

ified; the influence of the density of target gases has not been 

taken into account; and finally, it may be possible that mainly 

due to the technical difficulties in early heavy ion experiments 

the identification of the projectile ions and exact determina-

tion of the ion energy remained somewhat uncertain. 

b. Comparison with theory. 

In Fig. 5.3, the relative equilibrium ionization q/Z in 

gaseous strippers, taken from Table V.l, is plotted as a func-

2/3 tion of the reduced velocity v = v/(v Z / ). Also shown are 

various theoretical estimates which have been discussed above. 

As is to be expected from the Thomas-Fermi model, all of 

the data is roughly approximated by a universal function which 

depends only on v . A function f(v ) could be chosen such that 

it reproduces the data shown in Fig. 5.3 within ± 12%. However, 
i 

as has been indicated by Brunings et al. (1941), there is the 

systematic trend that, for a given v , q/Z is smaller when Z 
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decreases, i.e. rather than with a universal function, the data 

seems to be represented much better when a group of distinct 

functions f_ (v ) is introduced which have decreasing values Z r 3 

when Z becomes smaller. 

Lamb's and Bell's theoretical curves for fission fragments, 

Z - 40, 42 and 50, agree very well with the data for iodine ions, 

whereas the curve derived by Brunings et al. for large values 

of Z — the case which includes the heavy group of fission frag-

ments —significantly underestimates q/Z below v =0.7 and prob-

ably overestimates q/Z above v — 0.8. Moreover, it turns out 

that the observed spread of the functions f (v ) is much larger 

than indicated by Brunings et al. Of course, Brunings et al. 

state that their first estimate which is shown in Fig. 5.3 and 

which 'is based on the average Thomas-Fermi velocity of the most 

loosely bound electron should be regarded as providing only a 

lower limit, whereat; their second extreme assumption which is 

apparently loss reaListic than the--" first one, is based on the 

velocity of the outermost electron in the ion and is considered 

to give an upper limit. Still, one should expect better agree-

ment between the data and the results from their first assumption, 

especially since Lamb's surprisingly accurate results are con-

nected closely with the velocity of the most loosely bound elec-

tron derived from experimental ionization potentials and sup-

posedly also from Thomas-Fermi potentials. The success of Lamb's 

approach suggests that the most loosely bound electron bears indeed 

great significance for the stripping process, and that his method 

of calculating u and subsequent application of Bohr's criterion 

provide a simple and efficient technique to approximate average 
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charge states (see Section V.2.c). Incidentally, provided that 

Bohr's criterion is essentially valid, it may be concluded that 

the criticism of the assumptions in Lamb's approach is hardly just-

ified, whereas it seems more likely that Brunings et al. partly over-

estimate u. One may, thus, hope that a more rigorous Thomas-

Fermi calculation which includes corrections for correlation and 

exchange effects, but which remains based on Bohr's criterion 

would allow a description of average equilibrium charge states 

which is better than the one obtained by Brunings et al. (1941). 

Bloom and Sauter attempted such improved calculations in con-

nection with a phenomenological approach to represent the elec-

tronic stopping power of heavy ions as a function of q". However, 

the quantitative success of their procedure is difficult to 

assess#. 

Bell's technique which turned out to be successful for Z = 

40 and 50 could probably also be applied for the calculation of 

charge states for other heavy ions. It has the additional advan-

tage of being the only theoretical method developed thus far 

which takes explicitly into account the nature of the target 

atoms. However, as has been pointed out before, Bell's computa-

tion of electron capture and loss cross sections, which are neces-

sary for a calculation of the average charge, is somewhat cumber-

some and not completely free of uncertain assumptions and over-

simplifications . 

# Bloom and Sauter compare their formula for f(v ) graphically 

with the one obtained by Brunings et al.; however, the curve 

which they reproduce from Brunings et al. differs significantly 

from the original curve presented by Brunings et al.. 
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The full symbols in Fig. 5.3 represent the data obtained 

in dense gases. It is obvious that these values lie systema-

tically above the trend established by the measurements in 

more dilute gases. This reveals a density effect which in-

fluences q especially at low ionizations; a detailed discus-

sion of this phenomenon is given in Section VI.1. 

c. Re-examination of the criterion by Lamb and Bohr 

Fig. 5.3 shows clearly that Bohr's cursory estimate Eq. 

(5.2) gives too high charge states. However, as has been em-

phasized before, Eq. (5.2) can hardly be regarded as the best 

representation of Bohr's criterion. In view of Lamb's ap-

proach, the value pf that criterion may be assessed better by 

comparing the experimental data with predictions based on or-

bital velocities which are derived from accurate ionization 

potentials. In order to illustrate that idea, Fig. 5.4 dis-

plays the ionization potentials, I , for iodine ions of charge 

Carlson et al; use an approximate method based on a spheri-

cal shell solution for neutral atoms. Comparison with re-

sults from exact relativistic self-consistent-field methods of 

Hartree and Fock shows that systematic errors of Carlson's 

values are such that shell effects are slightly more pro-

nounced. 
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q which have been calculated with an accuracy of approxi-

mately - 5% by Carlson et al. (1970).n For all charge states, 

a characteristic velocity of the most weakly bound electron 
1/2 may be determined from the relation u = (21 /m ) ' . When u is J q e 

interpreted as the velocity which is relevant for the applica-

tion of the criterion by Lamb and Bohr (LB-criterion), one ob-

tains, according to the procedure discussed earlier in this sec-

tion, the step-function for the average equilibrium charge which 

is shown in Fig. 5.5. The smooth solid line in Fig. 5.5 reflects 

an attempt to average this function, but it is of little meaning 

other than that. All the experimental average charges for 

iodine ions listed in Table V.l follow closely the theoretical 

curve. For charge states below 19, all data points lie approxi-

mately one charge state above the prediction, whereas the few 

points between charge states 20 and 22 fall slightly below it. 

Provided that the experimental uncertainty of the latter points 

does not exceed Aq- il, their smaller magnitude may be attri-

buted to the transition from the N - to the M-shell which occurs 

at q = 25. 

The LB-criterion can be utilized to predict q as a func-

tion of Z for any given ion velocity v. In general, q increases 
1/3 

with Z. For example, Bohr's estimate Eq.(5.2) yields q « Z ' , 
— 1/2 and later experimental results suggest q « Z ' . When we apply 

the LB-criterion to ions with ZMO near velocities for which 

q^lO (v£ 4v ), one finds that q" increases slightly with Z as 

long as Z^62; however, in the region of the rare earths, q 

clearly decreases and does not resume its increase until Z>78. 
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For example, Z = 73 yields a value for "q which is one unit of 

charge smaller than the one obtained for Z = 62. Very intere-

stringly, such an effect has been recently observed experiment-

ally by Petrov et al. (1970). If this experimental result is 

correct, it must be regarded as giving extremely strong sup-

port for the applicability of the LB-criterion. 

In view of- the good agreement shown in Fig. 5.5 it may 

be concluded that the above simple interpretation of the LB-

criterion allows close estimates to be made on average charge 

states. However, the limitations of the criterion and of such 

a procedure are evident. The effects of the target species 

are disregarded, though it is known that q may differ signi-

ficantly in various gaseous strippers. This has been demonstra-

ted, for example, by Datz et al. (1971) and is elaborated in 

the following section. In addition, the large cross sections 

for multiple electron loss in single collisions lead to a 

shift of q to values above that charge for which, according 

to Bohr's criterion, the cross sections for capture and loss 

of a single electron are of equal magnitude, a (q) = a.(q). 

Another question arises because of the presence of several ad-

jacent charge states around the mean value q; it appears that 

it is a crude approximation to restrict the consideration to 

a single electron in each case, namely to the most weakly 

bound one. Finally, the existence of shell effects in the de-

pendence q(v), which cannot always be ignored, makes the pre-

cise definition of characteristic velocities particularly dif-

ficult. 
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It must be concluded that a more detailed calculation of 

average charge states is extremely complex, and that attempts 

to refine the application of the LB-criterion should be viewed 

with suspicion. Incidentally, even when a very sophisticated 

Thomas-Fermi model is used, one calculates in essence some-

what different characteristic electron velocities u, but the 

problems outlined above, especially the one of relating u to 

v are not solved, except that the dependence of q on the atom-

ic shell structure is smoothed, at the expense that all shell 

effects disappear. Relativistic Hartree-Rock-Slater calcula-

tions of the expectation value of u give the most realistic 

orbital velocities. It has not yet been explored whether this 

procedure provides a significant advantage. 

Wolke (196 8) examined the effects of shell structures in 

view of the LB-criterion for highly stripped ions with Z - 10. 

He applies the LB-criterion to ions of particular velocities 

u at which the charge states in an assumed two-component sys-

tem are of equal magnitude, F = F ,. This corresponds to 

the condition a. (q) = a (q+1) and leads to a half-integer 

— 2 

average q = q + 1/2. A comparison of the energy E = m u /2 

with the ionization potential I reveals the influence of 

shell structures on the average charge. It can be seen from 

Fig. 5.5, for example, that E differs from I when the ex-

perimental curve for q~(v) does not intersect the LB-step 

function at half-integal values of q. Obviously, E £ I 

is to be expected especially in the vicinity of shell transi-
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tions. Wolke showed that the relative effect (E - I ) /I 
q q' q 

at the K-L transition is similar for all ions which he inves-

tigated. Such regularities could perhaps be utilized in order 

to smooth the step-function q(v) obtained from ionization po-

tentials. However, it should be remembered that it is not 

easily feasible to define the BL-criterion for heavy ions 

without any ambiguities. This means that, in turn, experi-

mental data on charge distributions of heavy ions cannot yet 

be utilized other than for an approximate test of the LB-

criterion. 

In view of the increasing interest in superheavy ele-

ments with nuclear charges Z ̂  110 it is of some importance 

to have information on the average equilibrium charge of these 

ions. Based on Bohr's criterion and theoretical ionization 

potentials (Carlson et al. 1971) q" can be readily estimated 

in the way indicated above. Fig. 5.6 shows the resulting BL-

step~function for clement Z = 114, along with semiempirical 

estimates which are discussed in the following section. 

V.3 Semi-empirical Relationships for the Average Charge 

For several reasons, considerable attention has been devoted 

to the development of semi-empirical methods which allow approxim-

ate predictions to be made for average equilibrium charge states 

without requiring a calculation of charge changing cross sec-

tions. On the one hand, there is growing practical need for 

such information. On the other hand, such relations are of 

theoretical significance and, since the results from early sta-

tistical calculations indicate striking regularities in the 
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dependence of q on Z and v, one should expect that it is not 

too difficult to find simple but useful relations for q. The 

first systematic measurements with light ions confirmed that 

theoretical expectation and have given great impetus to the 

search for generalized relations, and comparatively little data 

for heavy ions sufficed to develop quite universal formulas 

for average charge states which satisfy most practical needs 

in large ranges of z and v. 

a. Semi-empirical relations 

Papineau (1956), in connection with studies of ranges in 

nuclear emulsions, estimated mean charge states for ions with 

Z - 10 on the basis of the statistical model in which the rela-

tive charge is a function of the Thomas-Fermi velocity, 

— -2/3 

q/Z = f (v Z / ) ., According to that prescription, he plotted 

a very few experimental average charge states for nitrogen, 

oxygen, and neon ions stripped in gases and solids, and he 

obtained a single quite definite curve for these cases. But 

his results cannot be extended to heavier ions without consider-

able loss of accuracy as is evident, for example, from Fig. 5.3. 

A more sophisticated approach has been suggested by Dmitriev 

(19 57). He assumes that the probability P for removal of an 

electron in an ion is. a function only of v/u., where u. is the 
J x 1 

velocity of the electron being considered, and can be taken 

from ionization potentials. Thus, he determines P from strip-

ping experiments with hydrogen projectiles, and obtains the 

mean charge for an ion simply by summing P for all electrons 

in the ion, ~q = E . P(v/u.). Using that technique, he is able 
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to produce mean charge states for nitrogen, oxygen, and fluorine 

ions with reasonable accuracy. It can be argued that a modifi-

cation of this approach could be useful for heavy ions, espec-

ially since the simultaneous use of successive ionization poten-

tials would lead to a much smoother relation q (v) than the pre-

viously discussed direct application of Lamb's and Bohr's criter-

ion. No such efforts have yet been reported. 

Heckmann et al. (1963) displayed both their data for ions 

with Z - 18 stripped in solids at high velocities, E/m ~ 10 MeV/amu, 

and similar data obtained by other investigators at lower veloc-

ities. They find that q/Z is well approximated by a function 

f(vZ ), where e ranges between 0.55 and 0.58. It is obvious 

from Fig. 5.3, and it will be specified later, that the choice 

of E<2/3 is also of some advantage for heavier ions. Further-

more, the plot by Heckmann et al. indicates that, for their data 

below q/Z ~-' 0.9 , Jtg(l - q/Z) may be approximated by a linear 

-o 55 function of vZ * . It will be shown below that a similar 

quite universal dependence can be successfully used for heavier 

ions. For ionizations q/Z>0.9, where the ions considered by Heckmann 

et al. are almost fully stripped, their data shows a different 

trend. Since this may reflect a shell effect, it is questionable 

whether this part of their relation for q/Z can be easily extended 

to heavier ions. 

The first analytical semiempirical relationship for q has 

been given by Dmitriev and Nikolaev (1964). They relied on a 

generalization of the result from the Thomas-Fermi theory and 

assumed u Z f(q/Z). Applying Bohr's criterion, u = v, and 
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utilizing the limited data available at that time, they were 

able to derive an explicit expression for the relative mean 

charge in gases, 

q/Z= Idv/m^) / Isb^Z*1). (0.3^q/Z-0-9) (5-M 

The four parameters d. ck m^ and n, have been evaluated from 

experimental data for ions with Z - 10 and for fission fragments, 

and are listed in Table V.2. Using these parameters, Eq. (5.4) 

reproduces that data within 5% as a rule. The usefulness of the 

formula for heavier ions may be estimated from a comparison with 

more recent data. In Fig. 5.7 and 5.8, the predictions accord-

ing to Eq. (5.4)are shown for bromine (curve lb) and for iodine 

ions (curve 3b), together with the experimental results. Though 

the restriction to ionizations q/Z ~ 0.3 allows a comparison to 

be made only for the smaller part of the data, it appears that 

Eq. (5.4) predicts the experimental values almost within their 

error limits. For the range q/Z < 0.3, Dmitriev and Nikolaev 

give a different empirical relation, 

q/Z = A v Z"l/2, (q/Z < 0.3) (5-5) 

where the parameter A is equal to approximately 0.I8 in nitrogen 

and argon strippers. That prediction is also shown in Figs. 

5.7 and 5.8 for bromine and iodine (curves la and 3a), as well 

as in Fig. 5.9 for uranium ions. In the region of overlap be-

tween Eqs. (5.4) and (5.5) the approximative character of the 

empirical parameters leads to some ambiguity as to what equation 

should be preferred. In the case of iodine ions, for example, 
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the two formulas give charge states at q/Z ^ 0.3 which differ 

by one unit of charge. It can be seen that Eq. (5.5) agrees 

quite well with the data, though some systematic deviations are 

evident. Provided that the target gas is sufficiently diluted 

so that any residual ion excitation can be disregarded, it is 

observed that the mean charge increases at low ion velocities 

less rapidly than is predicted by the linear relation Eq. (5.5). 

This may be explained by applying Bohr's criterion to the ac-

tual ionization potentials. For example, Fig. 5'. 5 illustrates 

that the very first electron is relatively difficult to become 

ionized, and that the next few electrons have binding ener-

gies which lie relatively closer together. This would suggest, 

that the curve q(v) has a slope which is close to zero at very 

small velocities, in contradiction to Eq. (5.5). In this con-

nection, it is interesting to point out the different behaviour 

of mean charges obtained in dense target gases. Fig. 5.8, for 

example, shows that the mean charges measured for iodine ions 

by Ryding et al. (1969b) in dense oxygen not only lie systema-

tically above the trend established by Betz et al. (1966) in 

air at lower densities, but are approximated much closer by a 

linear relationship of the form Eq. (5.5). 

With a different set of parameters, which is also listed 

in Table V.2, formula (5.4) can be used to predict average charge 

states obtained from solid strippers. This case will be dis-

cussed later in connection with an improved formula for q which 

has been given by the same authors. No value for A in Eq. (5.5) 

has been estimated for solid targets. In view of the most re-
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cent data, it is believed that A = 0.33 renders Eq. (5.5) 

useful to approximate mean charge states for heavy ions strip-

ped in carbon foils in the range q/Z < 0.3. 

Extensive experimental data on sulphur, arsenic, iodine and 

uranium ions stripped in air and in formvar foils at energies 

between 5-and 80 MeV has been used by Betz et al. (1966) to 

derive a semi-empirical relation for average charge states 

(v£vQ) (5.6) q/Z - 1 - C exp -v/(v0Z
T ) 

where the two parameters C and y are to be determined empiri-

cally for each ion and target. With the values for C and y 

given in Table V.3 the data could be fitted in practically all 

cases within the experimental errors of - 0.5 charge states. 

Since q does not increase linearly with v at low ion velocities, 

C is not equal though close to unity and depends slightly on Z. 

As has been mentioned above, this fact may be related to the 

ionization potentials. Of course, with C = 1, the use of Eq. 

(5.6) must be restricted to velocities v ~ v . Small variation 
o 

of Y with Z is to be expected on the basis of the theoretical 

studies of Brunings et al. (1941), and is also evident from 

the illustration of the data in Fig. 5.3. When Eq. (5.6) is 

used for ions other than the ones investigated by Betz et al, 

it is necessary to interpolate mainly y and, to a lesser extent, 

the parameter C for the desired Z. For gaseous targets, the 

choice of constant values C = 1 and If = 2/3 gives reasonable 

estimates for q which differ in general less than ~ 2 units of 

charge from the experimental results for any ion species stripped 
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in nitrogen, oxygen, air, or argon, whereby the calculated 

values are overestimates especially for lower ionizations. In 

solid targets, y is clearly a decreasing function of Z. Using 

a rough estimate for Y(Z), Betz et al. generalized Eq.(5.6) to 

q/Z = 1 - C(0.71 z
a)v/vo f (10 < Z < 92; v > vQ) (5.7) 

where a = 0.053 for formvar foil strippers and C is the parameter 

from Eq.(5.6). With a = 0.067 for stripping in air, the new 

relation Eq.(5.7) is in good agreement with all experimental 

results on q obtained by Betz et al. However, due to limitations 

of the available data and correlations between the parameters C and 

Y , the particular dependence Y(Z) chosen by Betz et al. is not 

completely satisfactory. As a consequence, Eq.(5.7) is not as 

general as one might have hoped. For example, it underestimates 

q considerably in gaseous strippers for Z > 70, especially at very 

high ion velocities, and underestimates q to a lesser extent in 

solid strippers for Z < 35 at low velocities. Still, as is illustra-

ted in Figs. 5.8 and 5.9 for the case of iodine and uranium ions 

stripped in gases and in solids, most of the available data can be 

approximated by means of Eq.(5.7). 

Taking into account experimental data at energies above 100 MeV, 

Nikolaev and Dmitriev (1968) developed another universal expression 

for average charge states produced in solid targets, 

q/Z = [l + (Z~av/V')"1/k| ~k, (Z >16) (5.8) 
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where v' = 3.6 x 10 cm/sec, a = 0.45 and k = 0.6. In the range 

of overlap with the earlier formula Eq.(5.4), the new formula is 

in somewhat better agreement with the data, though the difference 

amounts in most cases to less than one charge state. The useful-

ness of Eq.(5.8) is evident from Figs. 5.7, 5.8 and 5.9. To 

further illustrate the universal character of Eq.(5.8), Fig. 5.10 

0 45 shows q/Z as a function of the reduced velocity v/(v'Z * ) for 

all the data in solids which is listed in Table V.l. The solid 

line represents Eq.(5.8). Most of the data falls within a narrow 

band and the scattering of the data points is often less for 

different Z than it is for a particular value of Z. The curve 

according to Eq.(5.8) agrees well with the data though it appears 

that a slight modification of the function would, on the average, 

result in an even better fit. 

The question may be raised as to whether a similar unified 

description is possible for mean charges obtained in gaseous targets. 

Following the suggestion by Heckmann et al. (1963), the relative 

equilibrium charge q/Z, as obtained from Table V.l, is plotted in 

o 55 Fig. 5.11 as a function of the reduced velocity v/(v Z * ). It 

is found that for the greater part of the data such a representation 

is as effective as the corresponding one for solids shown in 

Fig. 5.10. Due to the scattering of the data points, the'exponent 

can hardly be chosen without considerable uncertainty and the value 

0.55 may not necessarily be the best choice. Still, a comparison 

between Figs. 5.3 and 5.11 shows that a value close to 2/3 appears 
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to be somewhat too high. This means that, in the velocity range 

of present interest, the classical Thomas-Fermi velocity, 

2/3 i 
v/(v Z ), is perhaps not as close to the relevant characteristic 

velocity as one has hoped. 

It may be concluded from the above discussion that it is 

possible to predict mean equilibrium charge states for heavy ions 

from semiempirical relationships with an average uncertainty of 

approximately ± 1 units of charge for both gaseous and solid 

targets. It should be kept in mind, however, that despite the 

generally smooth behaviour of q, all these semiempirical estimates 

are useful mainly for interpolation purposes, and that extrapolations 

beyond the investigated ranges of both Z and v must still be re-

garded risky. Shell effects are one of the reasons for which 

smoothly extrapolated predictions may significantly deviate from 

actual data. In Fig. 5.8, for example, such an effect occurs for 

iodine ions stripped in solids at energies above 80 MeV. When 

charge 25+ is reached, all electrons are already stripped off from 

the N-shell, and further stripping requires that those M-electrons 

be removed which are more tightly bound. The pronounced increase 

of the ionization potential at charge 26+ (Fig. 5.4) obviously 

results in a less steep increase of q(v). Thus, an extrapolation 

of Eq.(5.7) which is based on data obtained below 80 MeV, over-

estimates q at, say, 160 MeV by almost two units of charge, whereas 

Eq.(5.8), which fits the data above 80 MeV, underestimates q by 

approximately one charge state in the range where q < 25. 
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b. Influence of the target species. 

In the above discussion, primarily those targets have been 

considered which have a nuclear charge not too far from 7. This 

restriction has been made not only to facilitate comparisons of 

experimental data but also because those targets have been studied 

most frequently. Nevertheless, a significant portion of the data 

has been taken in other gaseous and solid targets, and some general 

trends could be revealed. Still, these results on the mean charge 

as a function of ZT do not seem to be consistent enough in order 

to allow very precise quantitative predictions to be made on a 

simple empirical basis. 

Essentially all of the experiments which have yielded infor-

mation on q(Z„) confirm the early results obtained by Lassen (1951 a) 

for the light and heavy group of fission fragments. Excluding 

hydrogen targets which are discussed below, one finds a quite 

general trend illustrated in Figs. 5.12 and 5.13. In gases, the 

highest mean charge is obtained for nitrogen, oxygen, and argon, 

whereby the differences among these strippers are generally small. In heavier 

gases, q decreases slightly with increasing Z . Similarly, q decreases in 

solids almost continuously with increasing ZT. Beryllium seems to be the most 

efficient solid target, whereas cold is one of the least efficient strippers. 

Quantitatively, the general evidence from the present data is that 

the maximum difference of q produced either by different gases or 

by different solids reaches at most approximately two units of 

charge. Theoretically, Bell (1953) and also Bohr and Lindhard (1954) 

estimate that, for example, the average charge in other gases than 

oxygen but of comparable atomic number is about the same as those 

in oxygen, i.e. that for a large range of atomic weights of stripping 
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gases, the mean charge is essentially independent of the stripping 

gas. 

A hydrogen target behaves differently depending on the 

velocity of the ions. At low velocities, it produces comparative-

ly small mean charge states, but at very high ion velocities it 

becomes as efficient as nitrogen or argon, and is substantially 

better than helium. This trend is evident for iodine ions from 

a comparison of, say, Fig. 5.17 and Fig. 5.20. Likewise, Martin 

(1965) found an anomaleously high average charge for carbon ions 

stripped in hydrogen at velocities in the range 9 <. v/v <. 20, 

corresponding to energies between 24-and 120 MeV. This effect can 

be qualitatively understood by taking into account the probability 

for electron capture in hydrogen,^which has been discussed by Bell 

and Bohr and Lindhard (see Section IV.1). The electrons in a 

hydrogen molecule, or in a hydrogen atom, are bound loosely enough 

to be readily liberated by an approaching highly charged ion. Due 

to their high escape probability, they have little chance of being 

captured by the ion and, thus, the balance between electron capture 

and loss is shifted towards higher mean charge states. Incidentally, 

one may expect on those grounds that the stripping efficiency of 

hydrogen becomes systematically better when the ion velocity is 

increased further. Bell has calculated average charge states of 

fission fragments in hydrogen targets, but his estimates are far 

too high especially for high fragment velocities and, thus, are of 

little use for practical purposes. 

An interesting anomaleous behaviour of the average equilibrium 

charge has been observed by Wittkower and Betz (1972). For tantalum 
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and uranium ions at velocities v<y , q in helium is not only 

higher but also less sensitive to the ion velocity than in all 

other gases. As a further result, 2-MeV uranium ions, for example, 

attain a value of q which is as large as the one in a carbon foil, 

and at even lower energies it must be expected that helium gives 

the highest q among all gaseous and solid strippers. To a lesser 

extent, that trend of q is evident from Fig. 5.13 for iodine ions. 

In a tentative explanation of that effect, Wittkower and Betz 

argue that it becomes difficult for relatively slow ions of low 

charge states to achieve ionization of a firmly bound electron 

in the helium atom. On that basis, the exceptional increase of q 

is associated with a significant reduction of the liberation cross 

section a' in Eq. (4.3). 

V.4 Equilibrium Charge State Distributions 

For a comprehensive description of the charge states in an ion 

beam passing through thin sheets of matter it is necessary to 

consider not only the mean charge but also the actual distribution 

of charge states around the mean, i.e. the relative intensity F(q) 

of the various charge states which are present in the emerging 

beam. The existence of such charge distributions demonstrates that 

Bohr's criterion (see Section V.l.a) can, of course, be satisfied 

only for the average charge, and gives no information for other 

neighboring charge states. Especially when q is not too close to q, 

equilibrium fractions F(q) obtained for a given q in different 

strippers may differ by many orders of magnitude, even though the 

mean charges may lie closely together. According to Section III, 

equilibrium charge distributions are a direct result of the 

competition between electron capture and loss processes. In 
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principle, therefore, F(q) could be calculated from charge changing 

crpss sections. However, as it has been explained in Section IV, 

these cross sections are not known well enough even in the case of 

rarified gases, not to mention dense gases or solids, so that 

theoretical estimates of F(q) can not yet be made with good accuracy, 

if at all. It must be pointed out that a calculation of equilibrium 

fractions is particularly difficult for heavy ions because the 

number of influential cross sections is very large; incidentally, 

the number of relevant charge states is much larger than in the case 

of light ions and, as important, cross sections for simultaneous 

loss of several electrons in single collisions are usually so large 

that they can no longer be neglected. In view of the complexity of 

the situation, it is not surprising that all major attempts to 

predict charge state distributions have been based on empirical 

or on semiempirical considerations, thereby relying on regularities 

which have been observed in numerous experiments. The following 

discussion, therefore, will to a considerable extent be concentrated 

on the phenomenological description of extensive experimental re-

sults and on simple procedures which facilitate interpolations of 

existing data. 

a. Experimental distributions. 

Some typical equilibrium charge distributions are displayed for 

bromine ions at energies between 2- and 140 MeV in Figs. 5.14 - 5.16, 

and for iodine ions between 12- and 183 MeV in Figs. 5.17 - 5.21, 

stripped in various gases, vapors, and solids. Apart from the 

large difference in the mean charge which is produced by gaseous and 

solid strippers, it is evident that the distribution in both of these 
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target groups depend also significantly on the target species. 

Figs. 5.14, 5.15, 5.17 and 5.19 are typical in that very light 

targets, especially hydrogen, produce distributions which are much 

narrower and more symmetrical than the ones obtained in heavier 

gases with ZT ^ 7. In solids, the distributions are as broad as in 

a heavy gas, but they are generally less asymmetrical. The most 

intense charge fractions are closely approximated by a gaussian 

distribution Eq.(2.11). Thus, when average charge and distribution 

width are known, Eq.(2.11) allows reasonable estimates to be made 

in many cases for charge fractions with intensities of say > 1%. 

Of course, the limitations of Eq.(2.11) are all too obvious. 

Significant deviations from the gaussian shape are often pronounced 

either as a systematic enhancement of fractions with q > q, or due 

to a direct influence of the atomic shell structure. A good ex-

ample for the latter case, which has been found by Moak et al. (1967), 

is shown in Fig. 5.16. The equilibrium distribution of 140-MeV 

bromine ions stripped in carbon shows an unusual decrease of charge 

fractions F with q > 25. However, Fig. 5.21 illustrates that for 

iodine ions stripped in argon at 162-and 183 MeV no such pronounced 

break occurs near q = 25 where the transition from the N- to the 

M-shell takes place. This different behaviour may result from 

several reasons. Firstly, the stripping mechanism in solids differs 

markedly from the one in gases. Secondly, the number of electrons in 

the next inner shell plays an important role and, accordingly, the 

18 M-electrons in iodine may smooth out shell effects more 

effectively than the 8 L-electrons in bromine. Furthermore, the 

increase of the ionization potential at q = 25 is steeper for bromine 

than for iodine. The ratio I0_/I0. amounts to 2.16 for bromine, but 
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only 1.56 for iodine. Thus, one may understand the smoothness of 

the distribution for iodine, and one may argue that the observed 

distortion of the distribution for bromine in carbon is largely 

caused by the difficulty of exciting and removing electrons from 

the L-shell of the ions. Incidentally, measurements of charge 

changing cross sections for bromine and iodine ions revealed no 

excessive decrease of a. at the M-N- and N-0-shell transition, 

where 1-/1,. amounts to 1.6 8 and 1.56, respectively. Instead, 
/ b 

a (7,6) showed a distinctive reduction which causes the fraction 
c 

F(6) to decrease much more than F(8) to a value which is clearly 

below the trend established by the neighbouring charge fractions. 

This effect is visible in Figs. 5.15 and 5.17, and has also been 

discussed by Datz et al. (1970). Probably for the same reason, 

the distribution for 183-MeV iodine, shown in Fig. 5.21, exhibits 

a noticeable decrease of F(24). The distribution at 162 MeV shows 

a similar dip, but it is not clear why it occurs at charge state 

23 rather than at 24.* 

b. Distribution width. 

In wide ranges of both Z and v, the distribution widths show 

great regularity and can, thus, be approximated by semiempirical 

relations. Dmitriev and Nikolaev (1964) derived the estimate 

d = d 1Z
v
f (5.9) 

# The fractions shown in Fig. 5.21 for 162-MeV iodine ions in 

argon have been taken from the original data table by Datz et al. 

(1971); the top of that distribution is not as flat as one would 

assume from the graphs shown by Moak et al. (1968) and Datz et al.(1971). 
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where the parameters d, and v have been determined semiempirically 
via the mean charge and amount to 0.32 and 0.45 in nitrogen or 
argon, and to 0.38 and 0.40 in solids, respectively. The data 
obtained by Betz et al. (1966) and Betz and Schmelzer (1967) for 
heavy ions up to uranium at energies below 80 MeV indicated that 
the choice 

,1/2 d *= 0.27 Z" (5.10) 

agrees satisfactorily with the experimentally observed widths, 
measured in both air and formvar foils. Fig. 5.18 illustrates 
the constancy of d for iodine ions stripped in formvar in the 
energy range between 18.6- and 54.7 MeV. In view of more recent 
data, Nikolaev and Dmitriev (1968) presented a new estimate for 
solid strippers, 

d ■ d. 5 {l-(q/Z)1/kj 1/2 (5.11) 

where d2 = 0.5 and k = 0.6. The results by Ryding et al. (1969b) 
and by Wittkower and Ryding (1971) confirm the usefulness of the 
simple approximation Eq. (5.10) for a variety of heavy ions with 
Z — 92, stripped in oxygen gas and in carbon foils at energies 
below 20 MeV. Part of these results are shown in Fig. 5.22. It 
is a common observation that the widths are,in wide ranges of ion 
velocities, practically independent of v, except at very low and 
most likely also at very high velocities where d becomes much 
smaller. This latter effect is clearly visible in Fig. 5.22; 
especially for iodine ions, d seems still to increase at v 1^4x10 
cm/sec (12 MeV), but it has been found by Betz et al. (1966) that 

8 
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8 

the plateau value is reached at velocities close to 5x10 

cm/sec (20 MeV). Consequently, expressions of the type Eq.(5.9) 

and Eq. (5.10) describe only a maximum value of d, whereas 

Eq. (5.11) is claimed to be valid also beyond that maximum. 

It is not easy to assess to general significance of the 

above semiempirical predictions on d. In many cases, calculated 

maximum widths deviate less than 20% from the experimental ones. 

However, the data often scatters considerably, and the influence 

of shell effects and asymmetries of distributions presents add-

itional complications. Furthermore, it is likely that d increases 

again at higher ion velocities to values which lie significantly 

above the well established plateau Eq. (5.10). For example, the 

widths for iodine ions are close to d = 2.5 at 162- and 183 MeV 

(Fig. 5.21), and close to 2.7 at 150 MeV in a C_F . stripper 

(Franzke et al., 1972), whereas the predictions from Eq. (5.9) 

and Eq. (5.10) are all below 2.0. In the velocity range in which 

the experimental widths increase, Eq. (5.11) gives fair agreement 

only for ions with Z < 35. In these cases, however, the absolute 

variation of d is very small and does not allow a definite proof 

to be given for the velocity dependence which is suggested in 

Eq.(5.11). When heavier ions are considered, Z > 35, Eq. (5.11) 

gives generally unsatisfactory results. For iodine and uranium, 

for example, the energy where d reaches its maximum is predicted 

to be close to 100 MeV and above 200 MeV, but a plateau has been 

found at approximately 20- and 50 MeV, respectively. Consequently, 

Eq. (5.11) predicts for 12-MeV iodine and 15-MeV uranium the low 

values 1.53 and 1.66, whereas the experimental values are 1.93 and 
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2.1 for carbon, and 2.33 and 2.3 for gold foils, respectively. 

This example also demonstrates that for both solids and gases 

the influence of the target species can not always be disregarded. 

Further evidence for that can be found in the data compilations by 

Moak et al. (1971) and Wittkower (1972). Fig. 5.23 shows some 

results for iodine, stripped in various gases at energies below 

12 MeV, where d has not yet reached the broad maximum. It can be 

seen that d depends significantly on Z_, even when only the 

heavier gases are considered. This latter result does not change 

very much in the range where d becomes less dependent on the energy. 

The larger width in heavy gases compared with hydrogen and helium 

must be attributed to multiple electron loss processes which are 

much less important in light targets than in heavier ones. 

c. Asymmetries 

Equilibrium charge state distributions obtained in hydrogen 

and helium show a remarkable symmetry and may well be described by 

a gaussian distribution Eq. (2.11). However, heavier gases produce 

especially at lower energies very pronounced asymmetries even for 

charge fractions > 0.1% (Figs. 5.14, 5.15, 5.17, 5.19 5.20); in 

most cases, fractions F with q > q show a much slower decrease than 

the fractions on the low charge state tail. In view of the funda-

mental relations between cross sections and equilibrium distri-

butions (Section II.3) and the experimental results on charge 

changing cross sections (Section IV.2) it must be concluded that 

the observed asymmetries are largely a consequence of cross sections 

for multiple electron loss which are relatively small in light targets 
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but are very large in heavier targets. Furthermore, the 

broadening factor k which describes the increase of the width 

of distributions obtained from heavy and light targets, is in 

reasonable agreement with the measured increase of relative' 

multiple electron loss probabilities. Since the functional 

dependence of cross sections for capture and loss of a single 

electron on the initial charge of the ions is not very sensitive 

to the target species (Section IV.2.a), k may be approximated by 

means of Eq. (2.16). Incidentally, the associated shift of charge 

distributions towards higher charge states which is associated 

with the large cross sections for multiple electron loss in heavy 

targets is not necessarily the only cause for a higher mean 

charge of ions stripped in heavy gases compared with light gases. 

The absolute values of the cross sections for capture and loss of 

a single electron are in general effected differently when dif-

ferent target gases are being used and, thus, lead to an additional 

shift of q. Other sources which contribute to produce asymmetrical 

charge distributions may be found (i) in cross sections o(q) which 

show a basically different dependence on q than the one given by 

Eq. (2.10), Eq. (2.14), or Eq. (2.17), and (ii) in density effects 

which lead to preferential excitation of higher charge states. 

The relative importance of these two possibilities is probably 

small, though difficult to evaluate especially because there is not 

yet a single case in which all cross sections o(q,q') of heavy ions 

stripped in a heavy target have been determined with reasonable 

accuracy within the full range of charge states in which the equil-

ibrium fractions have been measured. 
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The asymmetry parameter s defined in Eq. (2.9) is shown in 

Fig. 5.24 for bromine ions at various energies, stripped in gases 

and in carbon. It can be seen that the highest asymmetries 

result from heavy gas strippers and at low ion velocities. With 

increasing velocity, s tends to decrease. However, distributions 

for iodine at 64.3- and 74.5 MeV (Fig. 5.19), and even at 110 MeV 

(Fig. 5.20) still deviate strongly from a symmetrical shape. A 

value of s close to zero indicates near symmetry. Incidentally, 

the negative value of s shown in Fig. 5.24 for carbon and low 

bromine velocities indicates an unusual case where the fractions 

on the left side of the distribution are enhanced rather than the 

ones on the right side. Finally, Fig. 5.25 shows the similarity of 

equilibrium distributions for chlorine, bromine and iodine ions, 

stripped in oxygen at energies between 3.3-and 14 MeV, taken from 

Ryding et al. (1969b) and Wittkower and Ryding (1971). In that 

generalized representation, d F(q) is plotted versus (q-q)/d, and, 

interestingly, all fractions fall closely on a universal but 

asymmetrical curve. The trend of that curve is in agreement with 

observations by Nikolaev (1965) on ions of sodium, phosphorus, and 
o 

argon passing through nitrogen at v = 2.6x10 cm/sec. 

It is evident from a comparison of Figs. 5.14 - 5.21 and 

especially from Fig. 5.24 that solid strippers produce more 

symmetrical distributions than comparable gases at least within 

the range of the most intensive charge state fractions. Since 

multiple electron loss is expected to be significant in collisions 

of heavy ions with, say, carbon atoms, the absence of striking 

asymmetries may be regarded as an indication for the fundamental 
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differences of stripping heavy ions in solid and gaseous targets. 

A tentative explanation of that effect is given in Section VI. 

d. Charge state interpolation 

Unknown asymmetries and uncertainties in the distribution 

widths usually rule out that the gaussian approximation Eq.(2.11) 

can be used for accurate calculation of individual charge fractions, 

especially of fractions not too close to q. In many cases, however, 

the measurement of equilibrium distributions at even a very few 

energies allows satisfactory interpolations to be made on a 

purely empirical basis. Frequent use has been made of the possib-

ility to plot the fractions F as a function of the ion velocity. 

Fig. 5.2 6 gives an example for iodine ions, stripped in carbon 

foils (Datz et al. 1971). Essentially, only four different energies 

have been investigated, but it is obvious that the intrinsic 

regularities in the dependence F (v) allow to connect the data 

points by smooth lines which can be readily drawn by hand. The 

accuracy of the fractions interpolated in that way for intermediate 

energies satisfies most practical needs. Even the shell effect near 

q = 25 is well incorporated. Unfortunately, extrapolations beyond 

the investigated velocity range, and to other ions remain risky. 

For example, the curves F (v) show an extremely anomaleous behaviour 

for tantalum and uranium ions passing through helium (Wittkower and 

Betz, 1972). Secondary maxima appear at low velocities, v <̂ v , 

and for low charge states which make it impossible to extrapolate 

charge fractions on the basis of data from ion velocities v > v . 
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e. High charge state tails. 

Most investigators have studied equilibrium charge state 

distributions for those fractions which showed a relative 

intensity of more than ~0.1%. Though only the most intense 

charge fractions are generally of practical importance, it is 

quite interesting to study the abundance of charge states far 

above the mean charge. Ryding et al. (1971b) have investigated 

— 1 — 6 
these smaller fractions in the intensity range 10 % to 10 % 

for bromine, selenium, and iodine ions between 6-and 18 MeV, 

stripped in gases and solids. Results are shown in Fig. 5.27 

for bromine and in Fig. 5.28 for iodine ions at 12 MeV. The 

fractions above ~0.1% have been taken from their earlier work 

performed with the apparatus shown in Fig. 3.2, whereas the 

fractions below ~0.1% have been detected with a modified appara-

tus, essentially by using en additional magnetic analyzer with 

higher resolving power. The results show that the high charge 

states have intensities which decrease very slowly with increas-

ing charge, and that, for example, charge states as high as 25+ 

can be detected without difficulties in cases where the mean 

charge is only 5+. 

Ryding et al. argue that these highly stripped ions are 

mainly formed in single violent collisions with the target atoms, 

i.e. in encounters in which one or more inner shell electrons 

are removed from the ion so that readjustment of the ion excita-

tion occurs via an ionization cascade. Evidence for the importance 

of these inner shell excitation processes for the production of 

high charge states in heavy ion collisions can be found, for 

* ) 
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example, from the work of Pivovar (1967b) on argon and krypton 

ions below 1.7 MeV and Kessel (1970) on iodine in xenon between 

1.5- and 12 MeV. It is well established that due to the larger 

energy transfer in close collisions the charge of the ions increases 

significantly with increasing scattering angle. Kessel's 

experiments show, for example, that 12-MeV iodine ions of initial 

charge 5+ emerge at 2.5 deg from single collisions with xenon 

atoms in a most probable charge state q = 23. In such encounters, 

the L shells of the colliding ions interpenetrate and an energy 

of the order of "10 keV is transferred to the ion, sufficient for 

the removal of two L electrons. Since the apparatus used by Ryding 

et al. (1969b) allows to detect an ion beam with a divergence of at 

least ±20 mrad, it is not difficult to understand that, for ex-

ample, a fraction of 12-MeV iodine ions is measured in xenon which 

amounts to 10 % for charge state q = 25 (Fig.5.28). As is to be 

expected the fractions with q > 15 exhibit especially for iodine 

ions a distinct "hollow beam" characteristic. Further support for 

the single-collision formation mechanism may be seen in the obser-

vation that the target thickness required for the production of 

the very high charge states was substantially less than the one 

required to equilibrate the most probable charge. Furthermore, on 

the basis of the single-collision processes, it is possible to 

explain that for q >> q the highest charge state fractions are 

produced by the heaviest targets. For example, xenon gas gives a 

lower average charge than oxygen or carbon, but it produces 

fractions of 12-MeV iodine ions which exceed the ones in oxygen 

for q > 14, and the ones in a carbon foil for q > 22 (Fig. 5.28). 

The above argumentation implies that the cross sections 
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for multiple electron loss a(q,q + n) are influential even when 

n reaches extremely large values; in the above example, the cross 

section a(5,25) should effect the formation of charge fraction 

F(25). However, it is not clear to what extent the high charge 

state tails of the distributions measured by Ryding et al. (1971b) 

in gases reflect charge state equilibrium. Since the target 

15 2 

thicknesses were of the order of ~1.5xl0 molecules/cm , one 

should expect that the tails are influenced both by direct 

multiple electron loss processes proceeding from the incident 

ions and by competition between electron capture and loss by the 

heavy ions. 

V.5 Effective Charge and Energy Loss 

The particular relation between charge states and energy loss 

of fast heavy ions penetrating through matter deserves some brief 

comments. Rather than attempting a full description of that 

complex question we outline the approach which has been adopted 

most frequently, and indicate typical experimental results and some 

of its implications. 

Bohr (1941, 1948) argues that a calculation of the energy loss 

of fission fragments requires that a certain effective charge, qeff/ 

which characterizes the ionic charge of the fragments, must be known 

for all velocities during the slowing-down process. Then, in its 

simplest interpretation, the stopping cross section, S, of a 

partially stripped heavy ion is related to the stopping cross section, 

S , of protons at the same velocity and in the same stopping material 

by 
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S = q2
eff(v) S (v). (5.12) 

Bohr assumes that the classical approximation on which Eq. (5.12) 

is based is valid over almost the entire range of fission frag-

ments. Furthermore, he suggests that the effective charge does 

practically not differ from the rms-value of the charges actually 

carried by the ions, and that the width of the actual charge dis-

2 -2 tribution is small, d << q . Hence, 

q2
eff - (q

2) - q2. (5.13) 

Among many authors, this concept has been discussed by Bethe and 

Ashkin (1953), Northcliffe (1963), and Northcliffe and Schilling 

(1970), and served as an important though largely semiempirical 

basis for subsequent investigations of charge states and energy 

loss of fast heavy ions. Fpr example, Brunings et al. (1941) 

utilized Eq. (5.12) and Eq. (5.13) to deduce characteristic elec-

tron velocities which, in turn, are essential for the calculation 

of q on the basis of Bohr's and Lamb's criterion (see Sec. V.l). 

Heckmann et al. (1960) inferred effective charge states from 

experimental range-energy relations of ions with Z <_ 18, stopped 

in nuclear-track emulsion. Essentially the same procedure has 

been applied, for example, by Roll and Steigert (1960a, 1960b), 

Northcliffe (1960), Martin and Northcliffe (1962), Teplova et al. 

(1962), and Bethge et al. (1966) for ions with atomic numbers 

Z - 18 and, in a few cases, Z — 36, stopped in a variety of solid 

and gaseous materials. Energy loss and effective charge states 

of heavier ions up to uranium have been investigated by Booth 
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and Grant (1965), Cumming and Crespo (1967), Pierce and Blann 

(1968), Kalish et al. (1969), and Brown and Moak (1972). All of the 

authors named above found that, in essence, Eq. (5.12) can be 

regarded as a practical prescription for systematizing experi-

mental data measured at ion velocities v > v , and for obtain-

ing interpolations and extrapolations of energy loss and ranges 

of heavy ions. In addition, the values of q ff deduced from 

Eq. (5.12) turned out to be in reasonable agreement with cer-

tain average charge states q and, thus, seem to justify Eq. 

(5.13). Roll and Steigert (1960a) report no significant dif-

ferences in q ff for ions with Z < 10 when stopped in gaseous 

and solid media, but in a more careful analysis of more ex-

tensive data, Roll and Steigert (1960b) find for fluorine ions 

that solid stopping materials lead to distinctly higher values 

of q f£ than gaseous ones. They attribute this difference to 

the density effect * (see Sec. VI). Teplova et al. (1962) 

report the same trend for ions with Z < 36 and observe that 

q ff is 10 - 20% larger than qr, but significantly smaller than 

q provided that Z > 18. Cumming and Crespo (1967) determine 

q ff in solid targets from their data on fission fragments 

Roll and Steigert (1960b) confuse the density effect in 

solids with the one in gases (see Sec. VI). Since the density 

effect in solids is not pronounced for light ions, Roll and 

Steigert's interpretation is doubtful. 
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(Z < 66) and from the data by Moak and Brown (19 66) on bromine 

and iodine ions and find also that q cc is substantially smaller 
ef f 

than the values of q„ which have been measured directly from 

stripping experiments in solids. Pierce and Blann (1968) study 

qpff for ions with Z < 53 in gaseous and solid stopping mater-

ials; they confirm Teplova's and Cumming and Crespo's observa-

tion and, moreover, find (i) that q f f does not, in fact, depend 

significantly on whether the stopping material is a gas or a 

solid and (ii) that q ,..- is very close to q_ obtained directly 

err ij 

from gaseous strippers. Kalish et al. (1969) confirmed the latter 

trend for the case of tantalum ions stopped in solids. 

A comprehensive analysis of q_ff has been reported by Brown and 

Moak (1972). They measured stopping cross sections for uranium 

ions in various solids and used this data as well as earlier 

results on bromine and iodine ions with energies up to ̂ 180 MeV 

in solids (Moak and Brown 1966, Bridwell et al. 1967) to calcu-

late q f f from Eq.(5.12). Corrections of S due to nuclear stop-

ping (Lindhard et al., 1963) and due to the "effective" charge 

of protons at low velocities as defined by Hall (1950) and Booth 

and Grant (1965) have been taken into account. The values of 

S (v) have been interpolated from the semiempirical data tables 

by Northcliffe and Schilling (1970). Fig. 5.29 shows the re-

sulting values of q ff/Z, plotted as a function of a reduced 

ion velocity. It turns out that the data is approximated with 

remarkable accuracy by Eq.(5.6), provided that C = 1.034 and 

Y = 0.688 (solid line in Fig. 5.29). This result is in close agree-

ment with earlier estimates by Barkas (1963) and Pierce and 



V - 45 

Blann (1968) who used the same formula with C = 1 and y = 2/3, 

2/3 but replaced the Thomas-Fermi velocity, v = v/(v Z ' ), by 

the modified reduced velocity 0.95 v and 0.95 v , respectively. 

Interestingly, Brown's well substantiated function for q CX:/Z 
err 

almost coincides with the semiempirical relation for qr/Z by 

Betz et al. (1966). It is worth to note that according to 

Brown's results and in contrast to expectations based on the 

theory by Lindhard et al. (1963), neither q ff nor S vary 

strictly porportional with v in any wide range of ion veloci-

ties. 

Another significant result on q f- has been reported by 

Petrov et al. (1970). They investigated both q and q f f for 

ions in the range 36 - Z - 74 at velocities near v/v = 4 in 

air and helium. They find that not only q(Z) but also q ff(Z) 

shows an anomaleous decrease when Z increases from ^ 60 to 74. 

While the effect for qG is understandable as has been discussed 

in Sec.V.2.c the observation that q ,._ behaves like q„ even in 

err c? 
such a particular situation points out again the deep correla-
tion between q„ and q £~. 

^G neff 

When it first became evident that q differs substantially 

depending on whether heavy ions are stripped in gases or in 

solids, one expected according to Eq. (5.12) a significant dif-

ference in corresponding stopping powers. The fact that this 

expectation could not be verified experimentally resulted in 

considerable speculation on possible screening of the high charge 

states of ions inside solids, or on surface effects of the 
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stripping foils, etc. The recent conclusion by Betz and 

Grodzins (1970) that the charge states of heavy ions inside 

solids differ little from those in gaseous strippers - which 

has been worked out independent of considerations of stopping 

powers - resolves much of the discrepancies though a satis-

factory understanding of the states of heavy ions inside solids 

still has not been reached (see Sec. VI.2). 

A problem of great theoretical importance arises from the 

argument that essential assumptions which lead to Eq. (5.12) may 

not be fulfilled for the case of partially stripped heavy ions. 

This has been clearly realized by most of the investigators. 

Nevertheless, Eq. (5.12) has been shown to represent a useful 

semiempirical concept, and it remains to be proven whether the 

general and close agreement between q ~f and qr is more than a 

fortuitous coincidence. Of course, it must be realized that 

q ff can hardly be identical with q ; for example, q f f has 

been found to be much more independent on the target material 

than qG. Finally, it is worth to mention that the formula for 

the stopping cross section S by Lindhard et al. (1963) is com-

pletely independent of the density of the stopping medium, i.e. 

is intended to apply to both gaseous and solid media and does 

not explicitly contain an effective charge. In view of a com-

parison of this formulation with Eq. (5.12) we note that the 

ionic charge is not a free variable inside a target but assumes 

certain velocity-dependent equilibrium values. Utilizing this 

well-defined dependence qr(v), the charge dependence can be 

eliminated from Eq.(5.12). 
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VI. Density Effects in Heavy Ion Stripping 

Since the earliest theorectical studies of the phenomena of 

heavy ion charge exchange in atomic collisions, it has been 

realized that the state of excitation of the projectile ions 

may significantly influence the probabilities for electron 

capture and loss by the heavy ions. Lamb (1940), in his invest-

igation of the slowing down process of uranium fission fragments, 

explicitly notes that his calculations of the average ionic 

charge can be valid only when the target is an ideally rarified 

gas. He argues that only in that case is the time between impacts 

great enough so that the ions always have time to return to their 

ground state before the next collision. Under these circumstances 

one can be certain that the fragments are not stripped further 

than to the extent implied by assuming a dilute target gas. The 

first conclusive experimental evidence for density effects has 

been found in connection with systematic studies of the ionic 

charge carried by fission fragments. Lassen (1951a) showed very 

clearly that the average equilibrium charges obtained in solids 

are significantly higher than the ones produced in gaseous targets. 

He also found that the mean charge in gases increases slightly 

but noticeably when the gas pressure is sufficiently increased 

(Lassen 1951a, 1951b). In an important paper, Bohr and Lindhard 

(1954) presented a quite detailed explanation for the density 

effect which occurs in gases, and a qualitative theory for the 

density effect which is produced by solid targets. These two 
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theoretical models, to which we refer hereafter as the BL-models, 

have generally been accepted though no convincing experimental 

proof has ever been given. In the course of time, several invest-

igators confirmed Lassen's basic observations also for heavy ions 

other than uranium fission fragments, thereby establishing the 

existence of a general influence of ionic excitation on charge 

changing collisions involving heavy particles. Additional con-

tributions, however, which helped to enlighten the mechanism of 

the density effects, have not been made until direct measurements 

of cross sections for electron capture and loss as a function 

of the degree of residual ion excitation have been performed 

(Ryding et al. 1970c). The results, for the first time, revealed 

that the BL-model for the density effect in gases is not completely 

correct and needs substantial refinements (Betz 1970). Partly 

based on these results, it was possible to develop a basic 

modificaion of the BL-model for the density effect in solids, 

which leads to a result quantitatively opposite to the predic-

tions of the BL-model (Betz and Grodzins 1970). Still, much un-

certainty prevails and more work needs to be done before a full 

and quantitatively satisfactory understanding of both density 

effects will be attained. It is important to note that the study 

of ionic excitation produced in charge changing collisions does 

not only yield information which is useful for many practical 

purposes, but must also be regarded as a powerful technique for 

investigating many of the basic phenomena associated with ion-

atom collisions. 
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VI.1. Density Effect in Gases 

a. The Bohr and Lindhard model 

The first basic assumption in the BL-theory for the density 

effect in gases is that an excited electron can be stripped from 

a heavy ion more easily than an electron which is bound in the 

ground state. In a dense target, the most weakly bound electron 

in colliding ions is considered to have an average residual exci-

tation EI, where I denotes the ground state ionization potential 

for that electron. It is expected that the cross section for 

loss of such an excited electron increases substantially when e 

increases. As a second decisive process, the BL-model takes into 

account that capture by an already excited ion may lead to a state 

in which the total excitation energy exceeds the binding energy 

of the most loosely bound electron. In these cases, an electron 

-15 will be ejected by a rapid Auger process within a time (̂ 10 sec) 

which is short compared to the average time between two successive 

charge changing collisions. As a consequence, the electron cap-

ture cross section appears to be reduced. 

Bohr and Lindhard base their quantitative estimates on a 

simple linear expansion of Eqs. (4.10) and (4.11) of the cross 

sections per atom for loss and capture of a single electron by 

ground state ions of charge q. Provided that q is not too far 

from q, they assume 

0 &(q) = ao \ 1 + a £ ( q ~ q ) (6.1a) 
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1 - ac(q-q) 
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(6.1b) 

where q denotes the average charge for which, in this simplified 

description, the cross sections for loss and capture are of equal 

magnitude, a„(q) = a (q) = a . The parameters a0 and a are 
A/ C O A/ C 

approximated by 3/q and 2/q. In a cursory estimate, the cross 

section per atom for excited heavy ions are assumed as follows: 

a/(q) = o£(q) + ao3Ae (6>2a) 

o* (q) = ac(q) - a ^ e , (6.2b) 

where 6„ and 3 are correction factors close to unity. Equating 

* * _ 

a. with a , one can derive the shift of the mean charge q in the 

equilibrium charge state distribution which results from the 

influence of residual ion excitation, 

Aq = e(3£ + 3c)/(a£ + ac) . (6.3) 

The residual excitation in which an ion is left after having lost 

a single electron is expected to amount on the average to about 

2~I, whereas the average excitation of an electron after being 

2 

captured by a ground state ion is believed to be about ̂ -1 in heavy 

targets, but higher in light targets such as hydrogen or helium. 

On those grounds, Bohr and Lindhard approximate e =1/2 for heavy 

target gases at densities which are sufficiently high so that de-

excitation between two successive collisions can be neglected. 

Then, with Q.-Q-l, Eq.(6.3) yields their final estimate for the 

maximum of the density effect, 
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Aq = q/5 . (6.4) 

In light targets, and especially for very fast ions in which, 

under charge equilibrium conditions, the outer electrons are in 

states of considerably higher binding energies than the electrons 

in the target atoms, Bohr and Lindhard expect values of Aq which 

are larger than one would deduce from Eq. (6.4) 

b. Experimental results 

Though experiments with fission fragments have well proven 

the existence of density effects, more thorough investigations 

have not been reported until 1963. Nikolaev et al. (1963) 

measured nonequilibrium charge distributions of 4.9-MeV nitrogen 

-5 -2 
ions passing through nitrogen gas at pressures between 4.5x10 and 5x10 

Torr. They also calculated the distribution from the relevant 

experimental cross sections which had been determined in their 

earlier work Nikolaev et al. (1961) and Dmitriev et al.(1962a) . 

and they observed small deviations of the experimental distri-

bution from the calculated one; in particular, the average 

charge increased by 0.23 units of charge (̂ 6%) when the gas 

-3 -2 pressure was increased from 10 to 10 Torr. They conclude 

that in the case investigated the density effect occurs already 

in that pressure range, though, as they state, the large un-

certainties in the experimental cross sections (̂ 15%) do not allow 

a unique interpretation of their data to be made. At energies 

below 0.15 MeV where q < 1, Pivovar et al. (1967a) found that 

charge fractions of lithium, sodium, and potassium ions after 
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passage through vapors of magnesium and cadmium changed by at most 

a few tens of percent when the pressure of the target gas was 

increased to as much as 0.7 Torr. 

A marked effect has been reported by Franzke et al. (1967). 

They measured nonequilibrium charge state distributions for 

iodine ions stripped in a mercury vapor jet at energies between 

18-and 86 MeV and found an anomaleous behaviour of the mean 

charge. Using incident ions with charge states slightly higher 

than the expected mean charge, it was observed that q first 

decreased with increasing density of the target, but that at 

pressures of ^0.15 Torr q reached a minimum value and then 

increased again until equilibrium was established. With a 

total variation of q which amounted to approximately 0.3 units 

of charge (^3%), the effect is outside the experimental errors. 

Since nonequilibrium charge state distributions Y(q;x) generally 

give a monotoneous change of q(x) towards the equilibrium value, 

Franzke et al. attribute the appearance of a minimum of q(x) to 

the density effect. This reasoning is probably correct though 

it must be realized that the presence of very large cross 

sections for multiple electron loss may lead to a small minimum 

of q(x) even in the absence of residual ion excitation; however, 

as test calculations show, it appears quite unlikely that the 

experimentally observed effects can be quantitatively reproduced 

when reasonably assumed sets of charge changing cross sections 

for the ground state alone are being used. Ryding et al. (1969a) 
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measured both charge changing cross sections and the equili-

brium charge state distribution for 4.5-MeV iodine ions in 

hydrogen very accurately. The distribution which was calculated 

from the experimental cross sections deviated systematically 

from the measured one (Fig.6.1); some charge fractions differed 

by a factor of ^2 and the mean charge of the experimental distri-

bution was shifted by 0.35 units of charge (̂ 17%) towards 

higher charge states. , Since the effective length of the target 

cell was only 2.9 4 cm, comparatively high pressures of ̂ 0.5 

Torr were required to establish charge equilibrium. Therefore, 

the time between two successive collisions of an ion was, on the 

average, as short as At = 10 sec and it is reasonable to 

assume that lifetimes of excited states of iodine ions with 

charge states >4 can be long compared to At. It must be con-

cluded that Ryding et al. have observed a density effect in a 

hydrogen target which influences the effective charge changing 

cross sections but which preserves the symmetry in the equili-

brium charge state distribution. 

A study of the mechanism of the density effect and, thus, a 

test of the BL-theory has been performed by Ryding, Betz and 

Wittkower (19 70c) and Betz and Wittkower (19 72b). The decisive 

achievement in these experiments was that the cross sections for 

electron capture and loss have been measured directly as a func-

tion of the density of the target gas. In that way, it was 

possible to determine the influence of ionic excitation on charge 
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changing processes. In one experiment, Ryding et al. (1970c) 

measured cross sections for 15-MeV iodine ions for the cases in 

which the charge incident on the target cell was produced (i) in 

the terminal of the accelerator which was located at a distance 

of ^10 m from the target cell, and (ii) in a charge converter 

cell located about 50 cm in front of the target cell. It turned 

out that the capture cross section a (7,6) from (ii) was ̂ 25% 

smaller than the one from (i), whereas the loss cross section 

a(7,8) did not change within the experimental errors of ^5-10%. 

In a modification of case (i), a varying amount of gas (air) 

was admitted into the charge converter cell, so that the residual 

gas pressure P slightly increased in the beam line. It was then 

found that a(7,6) decreased continuously with increasing P from 

the maximum value obtained from (i) to the minimum value from 

(ii). Againfa(7,8) was not significantly affected. In another 

approach, complete nonequilibrium charge state distributions 

have been measured for 4-MeV chlorine ions passing through 

hydrogen. As an example, Fig. 6.2 shows the particular distrib-

ution in which the incident ions carried the charge +4. A cross 

section anaysis described in Section III.2 has been applied to 

several density ranges of the growth curves and yielded the 

effective cross sections as a function of the target gas density 

and, thus, of the residual ion excitation. The result is shown 

in Fig. 6.3. The effective capture cross sections decreased 

sometimes by as much as a factor of ^2, but no clear-cut change 

could be observed in the electron loss cross sections. Addition-

al experiments with bromine and iodine ions at other energies 
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and in other target gases yielded simlar results (Betz and 

Wittkower 1972b)« in some cases, the capture cross section 

decreased to one third of the possible maximum value. Recently, 

Franzke et al. (19 72) extended measurements of the above kind 

to iodine ions stripped in carbon dioxide at energies between 

9.5 - and 54.8 MeV and found likewise that increasing target 

density caused in all cases the capture cross sections to decrease 

significantly, whereas the loss cross sections remained constant 

within the experimental errors. 

The effect of residual ion excitation is further illustrated 

in Figs.6.4 and 6.5. In agreement with earlier results (Fig.6.1), 

equilibrium charge state distributions which have been measured 

for bromine and iodine ions stripped in a short target cell con-

taining helium differ systematically from the distributions 

which have been calculated from experimental charge changing cross 

sections. Fig. 6.6 shows a more direct experimental proof of the 

density effect for 46-MeV iodine ions (Franzke et al. 1972). 

At comparable target densities, carbon dioxide and nitrogen give 

very similar equilibrium distributions, but the distributions 

measured in a dense jet of carbon dioxide is shifted by Aq - 0.7 

towards higher charge states compared with the distribution obtained 

from a more dilute nitrogen target. Fig.6.7 presents the shift 

Aq of the average charge state which results for the cases shown 

in Fig.6.4 and Fig.6.5, as well as for bromine ions stripped in 

hydrogen and for aluminum ions stripped in nitrogen (Betz and 
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Wittkower, 1972b). It seems that Aq increases somewhat with the 

ion velocity. Similar results have been obtained by Franzke et 

al. (1971, 1972). Fig. 6.8 shows their measurements of 

average equilibrium charge states for iodine ions stripped at 

energies between 10- and 75 MeV in dilute and dense gases of 

carbon dioxide. A maximum difference of Aq - 1 is observed at 

the higher projectile energies. 

c. Modifications of the theory by Bohr and Lindhard 

Based on the most recent results described above, several 

modifications of the theory for the density effect in gases have 

been suggested by Betz (1970) which will be discussed below, 

along with interpretations of the experimental results. 

(1) The most significant insufficiency of the BL-theory is 

the assumption that the electron loss cross sections per ion 

increases with the residual exciation of that ion. This pred-

iction could not be verified in any of the experiments cited 

above. Instead, the cross sections for excited ions do not differ 

noticeably from the ones for ground state ions and the parameter 

3j in Eq. (6.2a) is close to zero so that 

a* (q)* a£(q) (6.5a) 

(2) The decrease which is observed in the capture cross 

section is too large to make Eq. (6.2b) practical. Since no 

strong systematic variation of the maximum decrease was observed, 

it seems advantageous to replace the BL-estimate for a , Eq.(6.2b) , 

by the modified formula 
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a* (q) = ac(q)/g(q) , (6.5b) 

where the parameter g may to some extent depend on q. 

(3) The ground state cross sections for electron capture and 

loss can be approximated by a (q) « q with appropriate values 

of a. Rather than using the BL-estimates Eq. (4.10) and 4.11) 

we express, according to Eq.(2.12) and (2.18), the exponents a 

in terms of the distribution width d which is better known from 

experiments. However, one must also take into account that the 

cross sections for capture and loss of more than one electron 

in a single collision lead to a broadening of the distribution. 

Thus, according to Eq.(2.16), the reduced with d must be used 

in Eq. (2.12) rather than the experimental width d. 

Combining all of the above, a new analytical expression is 

obtained for the maximum shift of the mean charge under the 

influence of residual excitation: 

Aq = d2 An g(e) , (6.6) 

where g is the average of g(q) for all relevant charge states. 

With g=2 and the results for d , Eq.(6.6) describes well 

the experimentally observed shift. The slight increase of Aq 

for higher ion velocities shown in Fig.6.7 is probably related 

closer to the increase in the distribution width which is observed 

in that velocity range, than to an increase in the residual ion 

excitation. The increase of Aq shown in Fig. 6.8 must be largely 
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ascribed to the density effect which occures to some extent even 

-2 

in the "dilute" target gas (10 Torr C02). It is interesting to 

note that Eq. (6.6.) also conforms with the results shown in Figs. 

6.4 and 6.5. In these cases, where most of the relevant ground 

state cross sections have been measured, the assumption that Eq. 
* 

(6.5a) is valid, makes it possible to determine a solely from 

the equilibrium distributions which have been obtained in the 

dense gas. The values of g determined in that way were always, 

close to 2. In particular, it follows that a reduction of the 

ground state capture cross sections by ^50% allows to reproduce 

with high accuracy the experimental distributions for the dense 

gases. It must be emphasized, however, that this latter 

procedure is successful only when most of the relevant ground 

state cross sections are known and is, thus, not easily applied 

when numerous multiple electron loss cross sections are influen-

tial which are difficult to measure. 

Discussion of electron loss 

The question arises whether the above modifications represent 

a general trend. In order to enlighten that problem, the following 

explanation of the result Eq.(6.5a) may be attempted. Firstly, 

in a heavy ion, a large number of electrons, especially the ones 

in the outermost shell are in comparable quantum states and have 

binding energies which differ little. One would expect, therefore, 

that all of these electrons have similar probabilities of being 

removed in a collision. Secondly, in a dense gas, the average 

time between two successive collisions is still long enough to 

allow Auger processes to take place so that the residual ion 
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excitation will be smaller than the ionization energy. In 

these cases, even though the loss cross section for a particular 

excited electron will increase as anticipated in the 

BL-model, the loss cross section per ion will change very little 

as all the other contributing electrons are still in the ground 

state". That conjecture is not true, of course, when the residual 

excitation is extremely high so that the loss cross section for 

the excited electron dominates. However, such an excessive 

average excitation has not been observed as will become evident 

from the discussion of the capture cross sections below. In 

addition, there is some evidence that an increase of the 

excitation above a certain value does not lead to a further 

significant increase of the loss cross section for that electron; 

for helium ions the approximate maximum cross section corresponds 

to the metastable state (Gilbody, 1971). 

It must also be noted that an additional dilution of the effects 

of excited electrons on effective loss cross sections arises in 

view of the possibility that not all collision processes leave 

the ions in excited states; thus, a considerable fraction of ions 

in a beam passing through a dense gas may still be either in the 

ground state or close to it. Incidentally, the above explanation 

and the net result Eq. (6.5a) need not be substantially changed 

when it is assumed that the residual ion excitation is distributed 

among several electrons. The conjecture that many electrons in 

an ion contribute to the total electron loss cross section is also 
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supported by the observation that multiple loss events are 

frequent even in helium targets(Datz et al. 1969, Betz et al. 

19 71a), and that cross sections for removing electrons from 

inner shells are more important than anticipated in the BL-

theory. 

* 
The argumentation concerning a* which we have discussed 

above implies that Eq. (6.5a) refers to those ions only which 

contain a large number of bound electrons whereas it can not apply 

to ions or atoms with only a few bound electrons. For example, 
* 

it is well established that a, for excited helium projectiles 

is indeed significantly larger than for the ground state 

projectiles (Schlachter et al. 1968, and Gilbody et al. 1968, 1970). 

Discussion of electron capture 

The experimental results on effective electron capture cross 

sections allow direct estimates to be made of the states into 

which electrons are captured by partially stripped heavy ions. 

This is of particular significance because no rigorous theoretical 

calculations of these final states have been performed. Only two 

estimates have been frequently considered. Firstly, the BL model 

suggests that electrons are captured into states of extremely 

high excitation, especially in the case of swift heavy ions 

passing through very light gases. Secondly, it has often been 
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argued that in analogy to the results for protons or other fully 

stripped ions, electron capture into the ground state is of 

dominant importance especially for high ion velocities (see 

Section IV.2). Neither picture, however, can be used in order 

to explain the particular experimental observation that effective 

capture cross sections of excited ions generally decrease to 

about half the value which is measured for ground state ions 

(Ryding et al. 1970, Betz 1970, and Betz and Wittkower 1972). 

The discrepancy of these findings with the two estimates 

mentioned above is easily demonstrated by considering those 

experiments in which the capturing ion of charge q has been 

formed and excited itself solely by electron capture. Whenever 
* 

the total excitation I of such ions immediately after the second 

capture event exceeds the ionization potential I ., auto-

ionization can occur within a relatively short time and the 

ionic charge will increase back to its original value; then, no 

contribution is given to the measured effective capture cross 

section. On the one hand, in the BL picture, such processes 

would occur with very high probability since the large excitation 

associated with each capture event would easily lead to I >I , . 

t q - i 

As a consequence, t he e f f e c t i v e cap tu re c ross s e c t i o n a (q) 

would be very smal l compared t o a (q) . On the o the r hand, 

p r e f e r e n t i a l cap ture i n t o the ground s t a t e would not o f ten al low 
* * 

the condition I . > I , to be satisfied and (5 .would be very close to <5 . 
t q-1 c c 

* 
On the basis of the experimental values (5 / C3 — 2 i t may be concluded 

c c 

that in approximately 70 $ of the processes electrons are captured into 

s t a t e s of r e l a t i v e e x c i t a t i o n e >, 1/2, and t h a t in 30% of the 
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cases electrons are captured probably into the ground state or 

into states with c < 1/2. The lack of better theorectical 
c 

understanding and the relatively sparse experimental data 

preclude a generalization of that conclusion though it seems 

likely that it represents a situation which is quite typical 

for partly stripped heavy ions in the velocity range which 

has been investigated experimentally. 

In the above estimate we have neglected any influence of the 

residual ion excitation on the probability for capturing electrons. 

Of course, it can not be ruled out that an ion which is already 

excited captures with a somewhat smaller probability than a 

ground state ion. However, such an influence would only to some 

extent decrease the relative number of Auger electrons emitted 
* 

in the cases where I > I _. , but it would probably have no 

dramatic influence on the above conclusions on initial electron 

capture. The latter argumentation is based mainly on the large 

number of final states into which electrons may be captured. In 

a further complication, residual ion excitation may depend on 

the ionic charge and may be influenced by shell effects. There 
* 

has been evidence that 0 /a increases to the larger value of 

g = 3 near the M->N and N-*0 shell transition for bromine and 

iodine ions of charge 7+, respectively (Betz arid Wittkower 19 72b). 

Such an increase appears plausible on the grounds that I, is 

significantly smaller than I_. Then, I is more likely to exceed 

I- and the probability for emission of an Auger electron is 

enhanced. 
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d. Average lifetimes of excited heavy ions. 

The density effect in gaseous targets can be utilized to 

study average lifetimes of heavy ions excited in collisions with 

the target gas atoms. Extensive knowledge of these lifetimes, 

in turn, allows predictions to be made about the occurence of 

the density effect. Though our present understanding of charge 

changing and excitation processes is still too incomplete to 

serve as a basis for an accurate determination of the lifetimes 

involved, it is quite useful to summerize a few attempts which 

have been undertaken in order to illucidate this question. 

Bohr and Lindhard (19 54) presented a simple theoretical 

estimate for radiative lifetimes of excited highly ionized heavy 

ions : 

,. y r *5, 4 , (T = 0.9xl0"10 sec) (6.7) 
T - T Q n /q o 

where q is the charge of the ion, and n an effective quantum 

number somewhat higher than, but comparable with the quantum 

numbers of the most loosely bound electrons in the ground state 

of the ion. Bohr and Lindhard base their consideration on the 

probability for spontaneous emission of dipole radiation which 

yields the well-known formula 

T « AE~3a~2, (6.8) 

* 
where AE and a represent the excitation energy I and the radius 

of the radiating ion. For the present case, Bohr and Lindhard 
* * 

approximate I by I /n . Expressing the ionization potential 
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I in terms of the statistical velocity u of the outermost elec-
q 

* *2 

tron in the ion, u = v q/n , and using a = a n /q, one arrives 

easily at Eq.(6.7). Though Eq.(6.7) has often been considered 

as a reasonable approximation, it may not always be directly 

applicable in its simplest sense to practical cases of present 

interest. For example, charge changing collisions may excite 

states of high angular momentum which do not decay in a simple 

manner. 

In order to explain the experimental results on the density 

effect obtained by Lassen (1951a,b), Bohr and Lindhard (1954) 

describe a simplifying model for the excitation and deexcitation 

of fission fragments. They derive an expression for the increase 

of the average equilibrium charge as a function of the target gas 

density: 

Aq = (3̂ + 3C) Tvatp/ (f/£ +(/c)(2xvotp + 1) (6.9) 

where T is the lifetime under investigation, v the ion velocity, 

p the density of the target gas, and a. the total charge changing 

cross section which, in fact, stands for the effective excitation 

cross section. For large values of p, Eq.(6.9) becomes identical 

with Eq.(6.3). With their theoretical estimates on a , Bohr and 

Lindhard compared Eq. .(6.9) with the charge increases which had 

been observed by Lassen for fission fragments penetrating through 

gases at pressures above ^1 Torr. The lifetimes which resulted 

from that analysis for the light and heavy group of fission 
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fragments were of the order of 10 sec. With slightly modi-

fied techniques, Fulmer and Cohen (1958) repeated Lassen's 

experiment and Bohr and Lindhard's analysis and arrived at life-

times of essentially the same order of magnitude. 

An interpretation of these lifetimes is very complicated; 

they are not only averages over large ranges of ionic and nuclear 

charges and masses of the fission products, but are also based 

on quite uncertain assumptions on both charge changing cross sec-

tions and excitation mechanisms. Nevertheless, these early 

results agree surprisingly well with the estimates Eq.(6.7). 

A more sophisticated technique of determining average life-

times has been reported by Betz et al. (1971b). It is mainly 

based on the sensitivity of electron capture cross sections to 

the state of excitation of the capturing ion. Some advantages 

of that technique which is discussed below are summarized as 

follows: (i) resulting lifetimes are averages only over a 

certain number of excited states of a well defined ion, (ii) 

ground state charge changing cross sections and relative number 

of excited ions are determined within the experiment rather than that 

they are estimated theoretically, and (iii) the important depen-

dence of charge changing cross sections on residual ion excitation 

is accounted for. 

Betz et al. utilized the pressure dependence of the charge 

state distributions of heavy ions traversing gaseous targets 

(see Fig.6.2). Though the increase of q beyond the value which 
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would be obtained in a dilute gas remains relatively small, the 

individual charge state fractions may change more than by a 

factor of ^2 and, thus, show a remarkable sensitivity to residual 

ion excitation. A complete and thorough analysis of these charge 

state distributions requires a description of the built-up and 

decay of excitation of ions in the various charge states. This 

procedure, however, is too complicated to be readily carried out 

in practice. Therefore, Betz et al. restricted the lifetime 

analysis to those parts of the distributions for which the gas 

density was sufficiently high to produce equilibrium in the 

distribution of both charge states and excitation of these charge 

states. Under such circumstances, the distributions F(q) reflect 

charge state equilibrium inasmuch as they are independent of 

initial conditions of the incident ion beam, but they do change 

with p and the final equilibrium distribution is not reached until 

p is high enough so that all relevant lifetimes are small compared 

to the average time, At, which elapses between two successive 

charge changing collisions. 

It is possible to describe the charge state fractions for 

each gas density in the specified restricted range of densities 

by re-interpreting the well-known system of coupled linear equa-

tions Eq. (2.1) in the form 

<v" r * * 
2_q' L ° (q''q''p)F(q''*P) - a (q»q';p)F(q;p) 

= 0; (6.10) 

where q'and q vary between the lowest and highest relevant charge 
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states, and a stands, depending on the sign of q'-q, for either 
effective electron loss or capture cross sections. As a first 
approximation, it is assumed that the average initial equilibrium 
excitation, e , which is produced in the collisions, decays 
between two successive collisions to e exp [-At(q)/x(q)J , where 
for each initial q, At(q) is related to the total ground state 
charge changing cross section by 

At(q) = [v at(q)p] -1. (6.11). 

Increasing gas density will shorten At and increase the number 
of ions which remain excited until they undergo a charge changing 
collision. According to the results elaborated in the previous 
Section VI. 1.c, Betz et al. define the parameters g(q) as those 
fractions of ions with charge q the electron capture processes 
of which are followed by immediate emission of Auger electrons. 
Then, the effective capture cross sections become 

(5 (q) = a (q) \ 1 - g(q) exp ■At(q)/T(q)[ . (6.12) 

Introducing Eq. (6.11) and Eq. (6.12) into Eq. (6.10) and 
• * 

utilizing the result that a. is practically very close to a. 
(Eq. 6.5a), the parameters T(q) and g(q) are obtained from a 
usual least-squares analysis in which the fractions F(q;p) 
computed from Eq. (6.10) are fitted to experimental fractions 
which have been measured over an appropriate range of target 
densities. As an example, Fig. 6.9 shows results deduced for 
4-MeV chlorine ions passing through hydrogen gas. The lifetimes 
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for charge states 1+ to 6+ range from more than 65 nsec to less 

than 1 nsec and decrease with increasing charge. With regard to 

the theoretical estimate Eq.(6.8), it is interesting to point 

-3 out the proportionality x <* I and, since g(q) turned out to 

*-3 be not critically dependent on q, x « I 

In the above technique, several simplifications have been 

made. It has been assumed that substantial excitation is mainly 

a result of charge exchange rather than of less violent collisions 

in which the ionic charge is preserved. Cross sections for 

multiple electron capture have been neglected; however, double 

capture amounts in hydrogen targets usually, and especially in 

the case considered here, to less than 1% of the corresponding 

single capture cross section. There is also some uncertainty 

concerning the precise definition of o.(q) in Eq. (6.11); it may 

be necessary to take into account some dependence on p . We note 

that a possible influence of residual ion excitation on initial 

electron capture, which has been discussed in Section VI.l.c, 

will not affect the determination of x. More critical is a 

realistic interpretation of the deduced lifetimes. In general, 

it can hardly be assumed that they correspond to single radiative 

transitions or to averages of several differing single transitions. 

In fact, the possibility of cascades can not be ruled out. 

Evidence for that may be seen in the result that the experimental 

lifetimes shown in Fig.6.9 are significantly longer than one would 

expect from theorectical estimates, e.g. from Eq. (6.8). It 

appears likely that charge changing collisions excite states of 
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high angular momentum which decay mostly via cascades. If only 

two participating intermediate levels are added, one obtains, on 

a classical basis Eq.(6.8), lifetimes which are longer by almost 

two orders of magnitude and, thus, offer an explanation of the 

experimental values. If that conjecture is correct, one should 

observe further density effects at significantly higher target 

densities. 

Effective lifetimes which are very long x v > lm, may be 

investigated more directly by the following technique. The ions 

are excited at a distance R in front of the main target cell, 

and the capture cross sections for electron pickup by ions of a 

particular isolated charge state are measured in the main target 

cell. The increase of a (q) with increasing R allows us to 

determine g(q) and x(q) solely from Eq. (6.12), where At(q) is 

to be replaced by R/v. 

VI.2 Density Effect in Solids 

a. The Bohr and Lindhard model 

Bohr and Lindhard (1954) have presented a qualitative explan-

ation for the difference Aq between the mean equilibrium charge 

in a solid compared with a gas stripper. In its simplest inter-

pretation, the BL model suggests that collisions with the target 

atoms lead to excitation of the most loosely bound electron in 

the heavy ion. Due to the rapid succession of collisions, the 

dissipation of ion excitation by radiation can be neglected and 

excitation initially confined to one electron will rarely be 
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be redistributed over several electrons. Thus, the collisions 

constantly increase the excitation of the most weekly bound 

electron until it is lost. This reasoning applies consecutively 

to a certain number of electrons. Finally, a new equilibrium 

will be reached when electron capture balances electron loss, the 

latter being significantly increased due to decreasing binding 

energy of the excited electrons. In particular, an electron 

captured into an excited state will be lost form the same state, 

so that for each single electron state there is a direct 

competition between electron capture and loss. 

It must be concluded that the main increase of the equilibrium 

charge occurs already inside the solid, though Bohr and Lindhard 

also indicate that the high excitation of the ions in solids may 

result in a subsequent emission of electrons from the ions 

immediately after their escape into vacuum, which increases the 

mean charge to a certain extent. Part of Fig. 6.11 illustrates 

this argumentation schematically. 

In a closer discussion, it is enlightening to point out how 

the BL model explains the major part of the difference of the 

density effects in solids and gases. In view of the ratio between 

collision frequency and revolution frequency for the orbital 

motion of the ion electrons, individual collisions in gases and 

solids are not treated as being basically different. Therefore, 

it is assumed that in both cases electrons are initially captured 

into states of fairly high excitation. As regards solids, this 

assumption is necessary in order to argue that the effective loss 
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cross sections for these excited electrons are significantly 

larger than for the same electrons in the ground state. It may 

be estimated from Fig. 6.10 that the ratio d /a, which is needed 

in order to explain the observed shifts Aq must indeed be 
s 

exceptionally high (typically ^80). In a dense gas target, in 

contrast, the time between two successive collisions is still 

long enough to allow a redistribution of the initial excitation 

among several electrons so that the effective loss cross sections 

are much less enhanced and, thus, result in a increase of the 

mean equilibrium charge which is much smaller than the one for 

solids. 

VI. 2.b. Modifications of the Bohr and Lindhard model. 

Betz and Grodzins (1970) have shown that the BL model needs 

fairly substantial modifications which are partly suggested by 

the results obtained in connection with the density effect in ga-

ses (see Sec. VI.l.). We will first give some indirect evidence 

that the BL assumptions on the initial ion excitation are in 

disagreement with experimental observations. Then,based 

partly on that result and partly on general grounds, a modified 

theory will be described. 

A consistent interpretation of the BL model necessitates us 

to assume that in both gases and in solids fast heavy ions capture 

electrons into states of very high excitation. The experiments 

which have been carried out in dense gaseous targets do not support 

that assumption (Sec. Vl.l.b,c). Since redistribution of electron 
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excitation does not change the excitation per ion, subsequent elec-

tron capture by such highly excited ions would most likely lead to 

a total excitation energy which is larger than the ionization 

energy for the ion in the new charge state. Consequently, an 

Auger electron would be ejected and the effective capture cross 

section for an excited ion would be extremely small as compared 

to a ground state ion. This could not be verified experimentally 

(Sec.Vl.l). It must be concluded that it is unlikely that the 

average excitation of an ion produced in a single charge changing 

collision is extremely high. This reasoning does not change when 

additional processes are taken into account, such as electron loss 

processes, which also contribute to ion excitation. Therefore, 

it becomes difficult to reckon with exceedingly large ratios 

og/os inside solids. Such large ratips are even more questionable 

in view of the experimental results that effective electron loss 

cross sections per ion do not significantly change when the ions 

have an exciation which is produced in typical single charge 

changing collisions (Sec.VI.l.b). 

In an alternative explanation of the density effect in solids 

which is in better agreement with available experimental results, 

Betz and Grodzins (1970) suggest that (i) single charge changing 

collisions produce, on the average, an excitation of single 

electrons which is not exceedingly high, and (ii) all electrons 

in outer subshells of a heavy ion are to be treated equally, i.e. 

a large number of electrons will significantly contribute to 

electron loss and ion excitation. On that basis, a heavy ion 
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which enters a solid with a charge close to the average 

equilibrium charge obtained in a gas will experience collisions 

in which all outer electrons become preferentially excited 

rather than lost. Thus, under equilibrium conditions, a large 

number of outer electrons and, perhaps, some inner electrons will 

be simultaneously excited. Due to that excitation of essentially 

all electrons which also contribute to electron loss, the effec-

tive loss cross section per ion will increase to some extent and 

the average charge will be shifted by a relatively small amount, 

Aq. = 1 - 2 . As a most decisive consequence of the new model, 

the total excitation per ion will be large enough to allow the 

ejection of many Auger electrons after the ions have emerged 

from the solid. This latter effect is responsible for the main 

increase of the charge (Fig. 6.12). 

In a closer discussion of the equilibrium states of fast 

heavy ions inside solids, Betz and Grodzins point out that sub-

stantial simultaneous excitation of several electrons in an ion 

is possible because Auger processes are not fast enough to allow 

the ions to return to their ground state or close to it within 

the short time between to successive collisions in a solid. 

More specifically, equilibrium is maintained by competition 

between electron capture and loss on the one hand, and collisional 

excitation and Auger processes on the other hand. This means that 

the Auger effect serves as a readjustment process which, in 

competition with further excitation, contributes to maintaining 

the equilibrium level of excitation. The lifetimes for auto-ioniz-

ation processes in outer shells are difficult to estimate. In 
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general, one should expect that the relatively large overlap among 

wave functions causes the liftimes to become shorter than in cases 

involving inner-shell vacancies. However, it must be realized 

that multiple excitation in outer shells are of an extremely com-

plex nature. For example, Lichten (1967) points out that the 

excitation levels are ill-defined and that except for the case 

of long-lived discrete states a statistical model like the one 

proposed by Russek (196 3) may be the only practical theorectical 

approach. This is in marked contrast to the case of collisions 

which result in inner-shell excitation with well-defined states 

and which can be better handled theoretically (Fano and Lichten 

1965, Lichten 1967). 

As a further consequence, the decisive difference of the density 

effects in gases and solids can now be explained in a simple 

manner. In a solid,- the collision frequency is too high to allow 

complete Auger deexcitation to take place between two collisions, 

whereas in a dense gas there is still sufficient time for re-

arrangement processes via emission of Auger electrons. The total 

residual excitation energy, therefore, will be very high inside 

a solid, but small in a dense gas. 

Despite the fact that several details of the BL model can 

hardly be maintained, the new model by Betz and Grodzins cannot 

yet be regarded as a final one, especially because an experimental 

verification has not yet been made. A quantitatively accurate 

estimate of the charge increase inside the solidf Aq., is parti-

cularly difficult. For example, it may be possible that initial 
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electron capture is reduced due to the large ion excitation 

inside solids. This would lead to a further enhancement of Aq.. 

Still, whenever the total ion excitation inside solids is very 

high, the Auger effects outside the solids will contribute the 

major fraction to the observed density effect. 

Equilibrium charge state distributions obtained from solids 

are at least for fractions above <v 1% more symmetrical than cor-

responding distributions in gases with, say, Z_ * 6 - 8. Though the 

exact reason for this effect is unknown we conjecture that, on the 

one hand, the asymmetries inside solids are less pronounced than 

in comparable gases and that, on the other side, remaining 

asymmetries are partly suppressed by the statistical Auger processes 

which occur outside the solid. As regards the first of the two 

possible explanations, we are faced with the fundamental question 

of the significance of multiple electron loss cross sections 

inside solids. It has been argued in Section IV.2 that in addition 

to the one kind of collisions in which several electrons are directly 

knocked out of a heavy ion during an encounter, we have also to 

reckon with another kind of collisions in which the many electrons 

rather than being ejected during the actual encounter are emitted 

as a consequence of certain rearrangement processes. In the 

latter case, substantial excitation energy is transferred to 

the ion in a collision and it requires a certain time, At_, until 

deexcitation and emission of all Auger electrons are essentially 

completed. It is not too difficult to imagine that AtR could be 

longer than the average time between two successive collisions of 

a heavy ion penetrating through a solid at high speed. Under those 
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circumstances, multiple electron loss cross sections will to 

some extent change into excitation cross sections. Thus, in the 

balance of electron capture and loss the influence of multiple 

loss cross sections is diminished and according to the discussion 

in Section II.3 a reduced asymmetry of the charge distribution 

results. Incidentally, multiple electron capture cross sections 

are of somewhat increased importance in solids. Following the above 

argumentation, the condition that the total excitation energy 

immediately after electron capture should be smaller than the 

ionization potential of the ion- in the new charge state must in 

contrast to the situation for gases, not necessarily be fulfilled 

in order to count the event as a capture process inside a solid. 

Finally, it is quite interesting to point out that with the 

closeness of the distributions of charge states inside gaseous 

and solid targets, it is considerably easier to understand the 

experimental results which have shown that the stopping power 

for fast heavy ions is nearly independent of whether the medium 

is a gas or a solid. We stress, however, that this experimentally 

established independence bears no direct significance for the 

above derivation of the new model for the density effect in solids. 

c. Stripping in large molecules. 

For a long time many investigators have directed efforts 

towards finding a replacement for stripper foils, one which would 

produce higher average charge states than the gaseous targets, 

yet have a longer lifetime than a foil under intense heavy ion 
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bombardment. The search for possible materials has been largely 

concentrated on heavy hydrocarbon molecules, but in no case were 

the resulting charge distributions found to be shifted to charge 

states higher than the ones obtained with simple mono- or diatomic 

gases like nitrogen as oxygen. 

Renewed interest in that search has been generated due to 

the findings by Ryding et al. (19 71a) who showed that fluorocarbon 

vapors give indeed a substantial effect. They investigated equili-

brium fractions of bromine and iodine ions at energies between 

3- and 12 MeV, stripped in three fluorocarbon vapors, C-F.., CgF,^ , 

and C10
F18 T h e ^sulti11^ effect is also shown in Fig. 5.15, 

Fig. 5.17, and Fig. 6.6. It is evident that the fluorocarbons are 

more effective than simple gases but do not reach the high charge 

states obtained from solids. 

In an attempt to explain the expected and observed effect, it is 

generally assumed that the large molecules act like'small parts of a 

foil and produce to some extent the density effect known from solids, 

# Ryding et al. (1971a) present a graph with equilibrium 

fractions of 12 - MeV iodine ions in fluorocarbon vapors and in 

conventional gases and foils; however, except for the fluorocarbon 

stripper, the distributions refer to 10 MeV and not to 12 MeV. Thus 

the effect of the fluorocarbon is less pronounced than one would 

assume from their graph. 
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This implies that a single encounter of the ions with a large molecule 

is sufficient to produce the entire effect, provided that the 

incident charge is not too far from the equilibrium value. Experi-

mental observation by Ryding e;t al. (19 71a) support that conclusion; 

they found that only very little vapor was required to produce charge 

state equilibrium. It is worth to note that the small equilibrium 

thicknesses are of advantage for practical applications because 

particle losses due to scattering are no worse than with the more 

standard stripping gases and are appreciably smaller than in 

foils. 

It is not exactly known why the effect could be observed in 

fluorocarbons but not in other large molecules. Ryding et al. 

speculate that the effectiveness of the fluorocarbons is due to 

absence of hydrogen in these molecules. There is little 

doubt that collisions with hydrogen atoms lead to less substantial 

excitation of the ions than collisions with heavier atoms; however, 

the role of individual atoms within a target molecule in charge 

exchange collisions is poorly understood (see Sec.IV.2). A decisive 

quality of fluorocarbons must probably be seen in their approximately 

spherical form which enhances the probability that ions during a 

single encounter interact strongly with more than one or two of the 

atoms in the large molecules. 

It must be expected that fluorocarbons become less effective 

when the particle energy increases. Since the cross sections a(q,q';v) 

are decreasing functions of v for charge states q = q (v), 

the number of collisions, n ,, , within a single molecule which 
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lead to excitation and charge changing processes decreases with v. 

Evidently, n ,, is not large enough in any of the investigated 

materia\s to produce the full density effect even in the region where 

o is large. A further reduction of n ,, will then suppress the 

density effect to a larger extent. Recent observations by 

Franzke et al.(19 72) seem to support that expectation. They find 

that iodine ions attain an average equilibrium charge in fluorocar-

bons (C7F,4) which exceeds the one measured in nitrogen as much 

as by Aq = 3 at 50 MeV, but only by Aq & 1 at 150 MeV. In addition, 

they observe that multiple electron loss probabilities a(q,q+n) 

are anomaleously large for n = 5. To a lesser extent, this 

effect is visible in Fig. 4.10. In a tentative explanation of 

the increase of that effect in C7F.. compared to an oxygen target, 

we may argue that relatively soft sollisions which are likely to 

result only in single electron loss are very similar in both 

targets, whereas harder collisions lead to an interaction - excitation 

and multiple electron loss - which is more extensive in the core of 

the large molecule than in an oxygen molecule. Further investigation 

of these and related complex processes and mechanisms in heavy 

ion - atom collisions are likely both to reveal effects of far-

reaching practical significance and to give results of great 

interest to our theoretical understanding of these collision 

phenomena. 



VI - 34 
i 

ACKNOWLEDGEMENTS 

I wish to express my thanks to Professor Arthur K. Kerman 

for his stimulation of this article. I am grateful to Professor 

Lee Grodzins for his continued support and for his most valuable 

comments and criticism. I am also indebted to Dr. Peter H. Rose 

and Dr. Andrew Wittkower for many helpful discussions and for 

communication of experimental results. Thanks are also extended 

to many authors who made their data available to me prior to 

publication. 



VII - 1 

Notations 

The following is a brief list of the most important 

symbols which have been consistently used, with little exception, 

throughout all Sections of this article. 

a , a„ exponents in the power law approximation of cross sec-

tions for capture and loss, Eq.(2.17) 

aQ Bohr radius (n2/(mee
2) = 5.291 x io~9 cm) 

b collision diameter 

d charge state distribution width, Eq.(2.7) 

d charge state distribution width due to single electron 

capture and loss 

E projectile energy 

e relative average excitation of an ion, I /I 

F(q) normalized equilibrium charge state fraction 

I(q) ionization potential of an ion of charge q 

I (q) excitation of an ion of charge q 

c Z k , k ratio between cross sections for multiple and single 

electron capture or loss, Eq.(2.14) 

k broadening factor of the width of charge state dis-

tributions due to multiple electron capture and 

loss, d/dQ, Eq.(2.16) 

K 2TTb/X 

X de Broglie wave length 

m projectile mass 

m electron mass e 

n number of electrons captured or lost by an ion in a 
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single charge changing collision 
P target gas pressure 
q charge of an ion 
qT effective charge of a target atom during an encounter 
"q average charge of ions in a beam, Eq.(2.6) 
q-~ effective charge of ions deduced from energy loss 

measurements, Eq.(5.12) 
r impact parameter 

3 p target gas density in molecules/cm 
s skewness of equilibrium charge state distributions, 

Eq. (9) 
a(q,q') cross section for a charge changing process q -*■ q' 

2 
of an ion in a single encounter, in cm /molecule 

a , Oj, charge changing cross section for electron capture 
2 

or loss in cm /molecule 
a. total charge changing cross section, Eq.(2.2a) 
o* charge changing cross section of an excited ion 
o' cross section for a collision between two particles 

with relative velocity v, accompanied by an energy 
2 

transfer of ~ m v /2 
e 

t time 
x lifetime of excited states of ions 
u orbital velocity of an electron 
v projectile velocity 
v Bohr velocity (e / h = c/127 = 2.188 x 10 cm/sec) 

2 x target thickness in cm /molecule 
x^ equilibrium target thickness 

$ 



VII - 3 

Y(q) normalized nonequilibrium charge state fractions 

Z atomic number of projectile ions 

Z,. atomic number of target atoms 
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TABLE III.l. Dimensions and pumping characteristics of the differentially 

pumped gas cell which is shown in Fig. 3*2; from Ryding et al. (1969b). 

Apertures (circular) Diameter 

1 mm 

0.5 mm 

1.2 mm 

2.5 mm 

0.2 mm 

, 

Length 

Knife, edge 

Knife edge 

2.2 mm 

5.0 mm 

Knife edge 

2.83 c m . 3 . 6 5 cm 

13.5 cm 

* 0 mrad 

300 liter/sec 

800 liter/sec 

~ 2 x 10"' Torr 

A2 outer cell entrance 

A% inner cell entrance 

At inner cell exit 

A$ outer cell exit 

/In movable outer cell exit 

Inner cell length (Inside dimension) 

Outer cell length (inside dimension) 

Maximum beam divergence from Inner 

cell entrance 

Pumping speed of P, 

Pumping speed of Pt 

Base pressure above Pt 

Pressure rise above Pt at 1 Torr 

inner cell pressure 
3 x 10"° Torr 
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TABLE IV.1. Experimental charge changing cross sections C5(q,q') of 

chlorine, argon, bromine, krypton, and iodine ions in gases, as a function 

-lb 
of the projectile energy. All cross sections are given in units of 10 

cm 
'/molecule and are arranged in the order of increasing initial charge q 

and increasing .number of transferred electrons, n = q1 - q. Target gases are 

H2 (H2), He (HE), Ng (N2), 02 (02), air (AIR), CO,, (C02), NgO (N20), CH^ (CRk), 

CUH^O (CI), Ar (AR), and Kr (KR). The reference numbers listed for each cross 

section identify the source of the data and are explained at the bottom of the 

Table. The valuer of Lhe capture cross sections (q' < q) may be influenced by 

residual ion excitation. Further explanations are given in the text, Sec.IV.1. 

n' Rof 

z = 17 M = 35 

4.00 MEV, H2 

M = 40 

1.41 MEV, HE 

1 
2 
3 
4 
5 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
1 
2 
3 
1 
2 
1 

0 

1 
2 
3 
4 
0 
1 
2 
3 
2 
3 
4 
5 
6 
3 
4 
5 
6 
4 
5 
6 
5 
6 
6 

0 .320 
0 .819 
1.890 
3 .200 
5 .050 
0 .002 
0 .017 
0 .068 
0 .121 
3 .090 
1.720 
0 .966 
0 .445 
0 .210 
0 .461 
0 .152 
0 . 0 5 8 
0 .020 
0 . 0 3 5 
0 .021 
0 .007 
0 .004 
0 .004 
0 .001 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

1 
2 

3 
4 
2 
3 
4 

1 0 
1 

I 2 
; 3 

4 
1 1 
1 2 

3 
1 
2 
1 

1 

1 
2 
3 
4 

0 
1 

2 
3 
0 
1 
2 
1 
2 
3 
4 
5 
3 
4 
5 
4 
5 
5 

� 4 1 

0 
1 
2 
3 

0 . 5 6 0 
2 . 7 3 0 

3 . 7 5 0 
6 . 6 0 0 
0 . 0 3 4 
0 . 1 4 0 
0 . 4 1 0 
6 . 6 0 0 
1 . 1 0 0 
1 . 0 6 0 
0 . 8 8 0 
0 . 5 6 0 
1 . 0 0 0 
0 . 3 2 5 
0 . 0 4 5 
0 . 1 5 7 
0 . 0 1 5 
0 . 0 0 9 

MEV, 

1 . 1 4 0 
6 . 1 0 0 

1 1 . 7 0 0 
1 9 . 2 0 0 

11 
11 

11 
11 
12 
12 
12 

7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 

N2 

11 
11 
11 
11 

2 
3 
4 
4 
0 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
1 
2 
1 

1 

1 
2 
3 
4 
2 
3 
4 

0 

1 
2 
1 
1 

2 
3 
4 
5 
3 
4 
5 
6 
4 
5 
6 
5 
6 
6 

. 4 1 

0 
1 
2 
3 
0 
1 
2 

0 . 1 6 0 
1 . 0 4 0 
2 . 0 0 0 
0 . 1 6 8 

2 5 . 0 0 0 

4 . 8 6 0 
3 . 7 2 0 
2 . 0 2 0 
0 . 7 8 0 
2 . 6 0 0 
1 . 4 0 0 
0 . 5 3 0 
0 . 1 3 2 
1 . 1 4 0 
0 . 3 7 0 
0 . 1 1 6 
0 . 2 7 2 
0 . 1 0 6 
0 . 0 8 4 

MEV, 

0 . 8 5 0 
5 . 2 5 0 

1 0 . 5 0 0 
2 1 . 0 0 0 

0 . 8 8 0 
1 . 0 0 0 
2 . 4 0 0 

12 
12 
12 
12 

7 

"7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 

AR 

11 
11 
11 
11 
12 
12 
12 
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q 
0 
l 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 

q' 
1 
2 
3 
4 
3 
4 
5 
4 
5 
6 
5 
6 

6 
27.800 
5.350 
3.180 
1.500 
1.860 
1.010 
0.315 
0.820 
0.230 
0.116 
0.184 
0.100 

Ref 

r 
7 
7 
7 
b 
8 
8 
8 
8 
8 , 
8 
8 

1.41 MEV, KR 

1 
2 
3 
4 
2 
3 
4 
3 
4 
0 
1 
2 
3 
4 
1 
2 
3 
1 
2 
3 

3 
4 
5 
6 

3 

3 
4 
5 
3 
4 

0 
1 
2 
3 
0 
1 
2 
0 
1 
1 
2 
3 
4 
5 
3 
4 
5 
4 
5 
.51 

2 
3 
4 
5 

.51 

4 
5 
6 
5 
6 

1.830 
10.000 
17.500 
29.500 
0.194 
1.580 
4.200 
0.080 
0.680 
17.500 
4.300 
2.700 
1.230 
0.880 
1.850 
0.700 
0.230 
0.615 
0.123 
MEV, 

5.000 
8.500 

12.400 
16.400 

MEV, 

1.010 
0.510 
0.185 
0.130 
0.084 

11 
11 
11 
11 
12 
12 
12 
12 
12 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 

H2 

11 
11 
11 
11 
HE 

7 
7 
7 
8 
8 

3.51 MEV, N2 
3 
4 
5 
6 
3 
4 
5 
3 
4 
5 
3 

2 
3 
4 
5 
4 
5 
6 
5 
6 
7 
6 

4.540 
8.800 

13.700 
19.600 
2.680 
1.600 
0.570 
1.020 
0.470 
0.110 
0.200 

11 
11 
11 
11 
7 
7 
7 
8 
8 
8 
8 

3.51 MEV, AR 

2 
3 
4 
5 
6 
7 
3 
4 
5 
3 
4 
5 
3 
4 

1 
2 
3 
4 
5 
6 
4 
5 
6 
5 
6 
7 
6 
7 

3.500 11 
4.700 11 
8.400 11 
14.000 11 
19.000 11 
25.500 11 
2.600 
1.300 
0.660 
0.780 
0.330 
0.130 
0.140 
0.088 

3.51 MEV, KR 

3 
4 
5 
6 
3 
4 
4 
5 

5.400 11 
14.500 11 
19.500 11 
27.700 11 
2.300 
0.800 
0.320 
0.155 

40.00 MEV, N2 

6 
13 
13 
13 
6 
13 
6 
6 
6 
6 

5 
12 
11 
10 
7 
14 
8 
9 
10 
11 

0.070 
1.360 
0.320 
0.130 
1.160 
0.040 
0.680 
0.260 
0.090 
0.026 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

40.00 MEV, AR 

6 
13 
13 
13 
6 

13 
6 
6 
6 
6 

5 
12 
11 
10 
7 

14 
8 
9 
10 
11 

0.017 
0.830 
0.190 
0.065 
0.860 
0.015 
0.400 
0.130 
0.066 
0.027 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

400.00 MEV, N2 

16 
17 
18 
13 
13 
13 

15 
16 
17 
14 
15 
16 

0.006 
0.010 
0.014 
0.114 
0.014 
0.002 

9 
9 
9 
9 
9 
9 

400.00 MEV, AR 

13 
17 
17 

Z 
6 

2 
3 
4 
5 
6 
7 
8 
9 
3 
4 
5 
6 
7 
8 
9 
2 
3 
4 
5 
6 

12 
16 
15 

0.001 
0.013 
0.001 

= 35 M s 
.00 

1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
3 
4 
5 
6 
7 

MEV, 

1.080 
2.580 
5.140 
7.120 
9.970 
9.300 

13.000 
16.600 
0.033 
0.159 
0.392 
0.684 
0.740 
0.310 
0.250 
1.980 
1.250 
0.832 
0.442 
0.230 

9 
9 
9 

■■ 79 
HE 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 ! 
2 
2 j 
2 
2 
2 
2 1 



V I I - 1 8 

q 

7 
8 
9 
2 
3 
6 
2 

q' 

8 
9 
10 
4 
5 
8 
5 

10. oc 

3 
4 
5 
6 

1 7 
8 
9 
10 
5 
6 
7 
8 
3 
4 
5 
6 
7 
8 
9 
10 
3 
4 
5 
6 

! 13 

6 
7 
8 
10 
6 
6 

1 7 
8 
10 
6 
7 
8 

2 
3 
4 
5 
6 
7 
8 
9 
3 
4 
5 
6 
4 
5 
6 
7 
8 
9 
10 
11 
5 
6 
7 
8 

.90 

5 
6 
7 
9 
4 
7 
8 
9 
11 
8 
9 
10 

6 

0.124 
0.040 
0.025 
0.445 
0.313 
0.022 
0.160 

) MEV, 

0.898 
1.970 
3.360 
5.530 
5.160 
7.680 
10.400 
13.400 
0.056 
0.104 
0.154 
0.086 
1.250 
0.854 
0.560 
0.320 
0.173 
0.106 
0.060 
0.038 
0.331 
0.195 
0.131 
0.048 

MEV, 

3.170 
3.110 
5.290 
11.100 
0.002 
0.326 
0.188 
0.122 
0.096 
0.031 
0.028 
0.029 

Kef 

2 
2 
2 
2 
2 
2 
2 

HE 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

H2 

5 
5 
5 ' 

5 ; 
5 i 

5 
5 ! 
5 ! 
5 
5 
5 
5 

q q' 

13.90 

6 5 
8 7 
10 9 
6 4 
8 6 
10 8 
6 7 
8 9 
10 11 
6 8 
8 10 
6 9 

13.90 

6 5 
8 7 
10 9 
6 4 
8 6 
10 8 
6 7 
8 9 
10 11 
6 8 
8 10 
6 9 

14.00 

4 3 
5 4 
6 5 
7 6 
8 7 
6 4 
7 5 
8 6 
4 5 
5 6 
6 7 
7 8 
8 9 
4 6 
5 7 
6 8 
7 9 
8 10 
4 7 
4 8 

6 Ref 

MEV, 

3.540 
5,220 
11.300 
0.690 
0.410 
0.292 
0.563 
0.220 
0.101 
0.093 
0.049 
0.041 

MEV* 

7.490 
12.200 
20.800 
0.239 
0.127 
0.857 
1.150 
0.416 
0.363 
0.432 
0.401 
0.238 

MEV, 

0.640 
1.220 
2.660 
2.740 
4.190 
0.007 
0.016 
0.006 
0.740 
0.450 
0.286 
0.162 
0.118 
0.130 
0.075 
0.021 
0.010 
0.009 
0.027 
0.004 

HE 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

AR 

5 
5 
5 
§ 
5 
5 
5 
5 
5 
5 
5 
5 

H2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

q q1 

14.00 

4 3 
5 4 
6 5 
7 6 
8 7 
9 8 
10 9 
7 5 
9 7 
10 8 
4 5 
5 6 
6 7 
7 8 
8 9 
9 10 
4 6 
5 7 
6 8 
7 9 

25.00 

7 6 
8 7 
9 8 
10 9 
11 10 
7 8 
8 9 
9 10 
10 11 
11 12 
7 9 
8 10 
9 11 
10 12 
11 13 
7 10 
9 12 

25.00 

7 6 

8 7 
9 8 
11 10 
7 8 
8 9 
9 10 
11 12 

(5 Ref 

MEV, 

0.738 
1.390 
2.740 
3.140 
4.450 
6.110 
8.180. 
0.038 
0.037 
0.022 
0.819 
0.555 
0.429 
0.228 
0.166 
0.111 
0.195 
0.155 
0.037 
0.019 

MEV, 

0.298 
0.559 

0.923 
1.370 
2.130 
0.278 
0.197 
0.128 
0.106 
0.082 
0.021 
0.010 
0.018 
0.015 
0.020 
0.001 
0.016 

MEV, 

0.586 

1.120 
1.850 
3.610 
0.365 
0.303 
0.206 
0.164 

HE 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

H2 

5 
5 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

HE 

5 
5 
5 
5 
5 
5 
5 
5 



V I I - 1 9 

7 9 

8 10 
9 11 

11 13 
7 
9 

10 
12 

0 .087 
0 . 0 8 1 
0 .042 
0 .074 
0 .024 
0 .024 

7 
9 
7 
9 
7 
9 
7 
7 

6 
8 
8 
10 
9 
11 
10 
11 

1.250 
4.150 
0.921 
0.564 
0.364 
0.373 
0.220 
0.136 

5 
5 
5 
5 
5 
5 

25.00 MEV, AR 

5 
5 
5 
5 
5 
5 
5 
5 

41.67 MEV, H2 

7 
8 
7 
8 
7 
8 
7 
8 

6 
7 
8 
9 
9 
10 
10 
11 

0.021 
0.054 
0.287 
0.247 
0.021 
0.025 
0.002 
0.011 

6 
6 
6 
6 
6 
6 
6 
6 

41.67 MEV, AR 

7 
8 
7 
8 
7 
8 
7 
8 
7 
8 
7 
8 
7 
8 
7 
8 
7 

6 
7 
8 
9 
9 
10 
10 
11 
11 
12 
12 
13 
13 
14 
14 
15 
15 

0.099 
0.203 
0.929 
0.656 
0.302 
0.289 
0.197 
0.180 
0.126 
0.152 
0.106 
0.098 
0.073 
0.072 
0.052 
0.370 
0.031 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

2.97 

3 2 
4 3 
3 4 
4 5 

2.97 

MEV, 

4.000 
6.800 
1.130 
0.580 

MEV, 

HE 

11 
11 
7 
7 

KR 

3 2 21.500 11 
4 3 30.300 11 
3 1 2.400 12 
4 2 4.200 12 

2.97 MEV, N2 

3 
4 
3 
4 
3 
4 

2 
3 
1 
2 
4 
5 

12.600 11 
18.600 11 
1.300 12 
2.940 12 
2.080 7 
1.320 7 

z = 53 = 127 

4.50 MEV, H2 

1 
2 
3 
4 
3 
4 
1 
2 
3 
4 
1 
2 
3 
1 

0 
1 
2 
3 
1 
2 
2 
3 
4 
5 
3 
4 
5 
4 

1.220 
5.060 
11.800 
17.100 
0.312 
1.060 
5.170 
3.330 
1.690 
1.110 
1.600 
1.060 
0.484 
0.484 

13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 

5.00 MEV, H2 

2 1 3.540 3 
3 2 9.390 3 
4 3 14.600 3 

5 
6 
7 
8 
9 
10 
11 10 
12 11 
13 12 
14 13 
15 14 
2 0 
3 1 
4 
5 
6 
7 
2 
3 
4 
5 
6 
7 
2 
3 
4 
5 
6 
2 
4 

3 
3 
4 
5 
3 
4 
5 
6 
7 
8 
4 
5 
6 
7 
8 
5 
7 

18.000 
20.800 
18.500 
22.000 
31.000 
36.000 
41.000 
47.000 
53.000 
67.000 
85.000 
0.025 
0.256 
0.801 
1.990 
1.650 
1.190 
2.740 
1.650 
0.965 
0.345 
0.197 
0.044 
0.700 
0.266 
0.104 
0.023 
0.019 
0.136 
0.019 

Ref 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

5.00 MEV, 02 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
3 
4 
5 
6 
7 
2 
3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 
2 
3 
4 
5 
3 
4 

2.860 
8.330 

14.100 
17.100 
20.300 
16.700 
30.000 
34.000 
40.000 
44.000 
51.000 
62.000 
81.000 
0.219 
1.150 
2.800 
3.950 
6.140 
3.620 
2.730 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 



VII-20 

q 

4 
5 
6 
7 
2 
3 
4 
5 
6 
7 
2 
3 
4 
5 
6 
3 

6 

2 
3 
4 
5 
6 
7 
8 
9 
4 
5 
6 
7 
8 
9 
2 

i 3 
4 
5 
6 
7 
8 
9 
2 
3 
4 
5 
6 
2 
3 
4 
2 

q' 

5 
6 
7 
8 
4 
5 
6 
7 
8 
9 
5 
6 
7 
8 
9 
7 

� 00 

1 
2 
3 
4 
5 
6 
7 
8 
2 
3 
4 
5 
6 
7 
3 
4 
5 
6 
7 
8 
9 
10 
4 
5 
6 
7 
8 
5 
6 
7 
6 

(5 

1.860 
1.010 
0.764 
0.511 
1.620 
1.460 
1.060 
0.545 
0.321 
0.189 
1.02 
1.010 
0.776 
0.184 
0.124 
0.247 

MEV, 

1.120 
3.460 
6.760 
9.330 
10.500 
10.400 
13.400 
17.700 
0.057 
0.273 
0.418 
0.811 
0.640 
0.910 
2.600 
1.500 
1.270 
0.761 
0.587 
0.294 
0.168 
0.034 
0.983 
0.732 
0.321 
0.211 
0.078 
0.492 
0.239 
0.110 
0.153 

Ref 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

HE 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 ! 
2 ! 
2 ! 
2 1 
2 ; 

2 

1 

9 

3 
4 
5 
6 
7 
8 
2 
3 
4 
5 
6 
7 
8 
2 
3 
4 
5 
6 
7 
2 
3 
4 
5 
6 

� ' <5 *ef 

.50 MEV, CO? 

2 
3 
4 
5 
6 
7 
3 
4 
5 
6 
7 
8 
9 
4 
5 
6 
7 
8 
9 
5 
6 
7 
8 
9 

4.500 16 
10.200 16 
14.000 16 
18.500 16 
21.500 16 
25.000 16 
6.600 16 
5.400 16 
4.500 16 
2.R00 16 
2.600 16 
1.600 16 
1.250 16 
3,400 16 
2.900 16 
2.400 16 
1.600 16 
1.400 16 
0.700 16 
1.900 16 
1.400 16 
2.200 16 
1.100 16 
0.900 16 

! 

i 

i 

| q q1 G 

10.00 MEV, 

3 2 3.210 
4 3 5.990 
5 4 9.080 
6 5 13.700 
7 6 18.100 
8 7 18.300 

10 9 27.000 
11 10 31.000 
12 11 36.000 
13 12 41,000 
14 13 53.000 
15 14 62.000 
16 15 72.000 
17 16 88.000 
18 17 99.000 
9 8 24.000 
3 1 0.144 
4 2 0.300 
5 3 0.499 
6 4 0.735 
7 5 1.06 
8 6 0.272 
3 4 1.890 
4 5 1.320 
5 6 0.807 
6 7 0.724 
7 8 0.669 

i 8 9 0.372 
3 5 0.686 
4 6 0.405 
5 7 0.332 
6 8 0.183 
7 9 0.319 
3 6 0.369 
4 7 0.230 
5 8 0.152 
6 9 0.348 

10.00 MEV, 

3 2 1.980 
4 3 4.460 
5 4 6.280 
6 5 7.350 
7 6 7.710 
8 7 10.600 
9 8 13.000 
4 2 0.027 
5 3 0.117 
6 4 0.185 
7 5 0.511 
8 6 0.272 
9 7 0.500 

Ref 

H2 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 5 

HE 

2 
2 
2 
2 
2 
2 i 
2 1 
2 
2 
2 
2 
2 
2 



VII-21 

q 

3 
4 
5 
6 
7 
8 
9 
3 
4 
5 
6 
7 
3 
4 
5 

1C 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
3 
4 
5 
6 
7 
8 
9 
10 
3 
4 
5 
6 
7 
8 
9 
3 
4 
5 
6 
7 
8 
9 
3 

q1 

4 
5 
6 
7 
8 
9 
10 
5 
6 
7 
8 
9 
6 
7 
8 

6 

1.630 
1.340 
0.847 
0.744 
0.471 
0.336 
0.199 
0.717 
0.463 
0.349 
0.194 
0.124 
0.328 
0.180 
0.092 

1.00 MEV, 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
1 
2 
3 
4 
5 
6 
7 
8 
4 
5 
6 
7 
8 
9 
10 
5 
6 
7 
8 
9 
10 
11 
6 

3.240 
6.980 
9.950 
14.600 
15.100 
20.500 
24.100 
30.200 
34.000 
40.000 
45.000 
59.000 
70.000 
77.000 
0.062 
0.312 
0.738 
1.320 
3.160 
3.450 
4.050 
6.090 
2.690 
2.110 
1.400 
1.070 
0.700 
0.600 
0.414 
1.370 
0.992 
0.705 
0.366 
0.390 
0.220 
0.247 
1.010 

Ref 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

02 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

q q' <S Ref 

4 
5 
6 

10 

4 
4 
4 
4 
4 
4 

12 

5 
5 
5 
5 

12 

5 
5 
5 
5 
5 

7 
8 
9 

.00 

3 
5 
6 
7 
8 
9 

.00 

4 
3 
6 
7 

.00 

4 
3 
6 
7 
8 

0.690 
0.397 
0.250 

MEV, 

6.740 
2.230 
0.879 
0.497 
0.233 
0.157 

MEV, 

6.390 
0.017 
0.716 
0.214 

MEV, 

8.630 
0.402 
1.500 
0.791 
0.574 

3 
3 
3 

AR 

3 
3 
3 
3 
3 
3 

H2 

14 
14 
14 
14 

N2 

14 
14 
14 
14 
14 

12.00 MEV, 02 

5 4 8.400 14 
5 3 0.386 14 
5 6 1.510 14 
5 7 0.903 14 
5 8 0.602 14 

12.00 MEV, C02 

5 4 10.300 14 

5 3 0.619 14 

5 6 1.870 14 

5 7 1.170 14 

5 8 0.888 14 

12.00 MEV, N20 

5 4 10.800 14 

5 3 0.539 14 
5 6 1.790 14 
5 7 1.030 14 
5 8 0.871 14 

q q ' (5 Ref 

1 2 . 0 0 MEV, AIR 

9 8 20.300 15 
11 12 457500 15 

) 15 14 6 2 . 2 0 0 15 
16 15 85.200 15 
17 16 73.000 15 
18 17 77.000 15 

12.00 MEV, CH4 

5 
5 
5 
5 
5 

4 
3 
6 
7 
8 

11.200 
0.612 
1.480 
0.641 
0.417 

12.00 MEV, 

5 
5 
5 
5 
5 

13 

5 
6 
6 
6 
6 

15 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
6 
7 
8 
9 
10 

4 
3 
6 
7 
8 

8.540 
0.441 
1.460 
0.812 
0.499 

1.69 MEV, 

4 
5 
7 
8 
9 

.OC 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
4 
5 
6 
7 
8 

7.200 
16.820 
2.420 
0.912 
0.646 

> MEV, 

2.810 
3.080 
5.250 
7.720 

11.500 
16.600 
20.900 
26.000 
29.000 
39.000 
44.000 
51.000 
60.000 
0.134 
0.040 
0.287 
0.095 
0.298 

14 
14 
14 
14 
14 

CI 

14 
14 
14 
14 
14 

N2 

1 
1 
1 
1 
1 

H2 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 



V I I - 2 2 

m-. - _ 

q 

5 

6 

7 

8 

9 

10 

5 

6 
7 

8 
5 

15 

4 

5 

6 

7 

8 

9 

10 

6 

7 

8 

9 

10 

4 

5 

6 
7 

8 

9 

10 

4 

q ' 

6 

7 

8 

9 

10 

11 
7 

8 
9 

10 

8 

. 0 0 

3 

4 

5 

6 

7 

8 

9 

4 

5 
6 

7 

8 

5 

6 

7 

8 

9 

10 

11 
6 

0 . 7 7 8 
0 . 7 0 3 
0 . 3 9 1 
0 . 2 2 1 

. 0 . 1 4 0 
0 . 1 0 6 
0 . 2 0 1 
0 .172 
0 . 0 9 9 
0 . 0 6 4 
0 . 0 4 1 

Ref 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

5 
6 
4 
5 

7 
8 
7 
8 

2.260 
3.210 
4.020 
5.590 
7.410 
9.390 
12.200 
0.044 
0.240 
0.063 
0.163 
0.282 
1.240 
0.906 
0.837 
0.545 
0.452 
0.386 
0.258 
0.483 
0.437 
0.278 
0.275 
0.152 

5 
6 
7 
8 
9 
10 

4 
5 
6 
7 
8 
9 

11 10 
12 11 
13 12 
14 13 
15 14 
16 15 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
? 

15.00 MEV, 02 

5.800 
7.710 
10.700 
13.400 
16.100 
21.500 
24.400 
28.000 
32.000 
40.000 
45.000 
55.000 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

17 
18 
5 
6 
7 
8 
9 
10 
11 
5 
6 
7 
8 
9 
10 
11 
5 
6 
7 
8 
9 
10 
11 
5 
6 
7 
8 
9 
10 
5 
6 
7 
8 
9 
5 
6 
7 
8 
5 
6 
7 
5 
6 
5 

16 
17 
3 
4 
5 
6 
7 
8 
9 
6 
7 
8 
9 
10 
11 
12 
7 
8 
9 
10 
11 
12 
13 
8 
9 
10 
11 
12 
13 
9 
10 
11 
12 
13 
10 
11 
12 
13 
11 
12 
13 
12 
13 
13 

63 .000 
7 2 . 0 0 0 

0 .222 
0 .332 
1.230 
0 .685 
1.600 
3 .310 
5 .220 
1.730 
1.430 
0 .889 
0 . 7 7 4 
0 . 5 8 3 
0 . 4 4 4 
0 .415 
1.020 
0 .662 
0 . 4 8 7 
0 . 4 4 2 
0 .316 
0 . 2 6 8 
0 . 2 4 5 
0 . 5 7 9 
0 . 4 1 3 
0 . 3 6 1 
0 . 3 4 9 
0 . 2 7 0 
0 . 1 9 9 
0 .399 
0 .356 
0 .328 
0 . 2 3 6 
0 . 1 5 1 
0 .362 
0 .215 
0 .227 
0 . 1 2 0 
0 . 3 0 3 
0 . 1 7 3 
0 .147 
0 .182 
0 . 0 7 4 
0 . 0 9 4 

Ref 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
J 
3 
3 
3 

16.00 MEV, N2 

11 10 23.400 3 
11 9 2.220 3 
11 12 0.517 3 

16.00 MeV, AIR 

10 9 19-500 15 
11 10 23. J*00 15 

q q* 

12 11 
13 12 
14 13 
15 14 
16 15 
17 16 
18 17 
19 18 
20 19 
21 20 
22 21 

<3 Ref 

28.000 15 
36.400 15 
41.500 15 
44.500 15 
46.500 15 
47.500 15 
59.600 15 
57.500 15 
70.800 15 
61.600 15 
76.000 15 

18.64 MEV, N2 

6 
7 
8 
6 
7 

5 
6 
7 
7 
8 

8.820 
11.840 
19.180 
2.580 
1.728 

6 
7 
8 
9 
10 

5 
6 
7 
8 
9 

12 11 
13 12 
14 13 
15 14 
16 15 
9 7 
6 7 
7 8 
8 9 
9 10 
10 11 
7 9 
9 11 

1.490 
1.270 
2.790 
6.330 
9.000 
14.400 
18.000 
25.000 
29.000 
35.000 
0.150 
0.780 
0.560 
0.464 
0.267 
0.217 
0.052 
0.045 

6 
7 
8 
9 
10 
12 11 

1 
1 
1 
1 
1 

20.00 MEV, H2 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

20.00 MEV, 02 

5 4.580 3 
6 5.510 3 
7 7.520 3 
8 13.500 3 
9 16.000 3 
20.000 3 

13 12 23.500 3 
14 13 33.000 3 



V I I - 2 3 

q q« 

15 14 
16 15 
7 5 
8 6 
9 7 
6 7 
7 8 
8 9 
9 10 
10 11 
6 8 
7 9 
8 10 
9 11 
10 12 
7 10 
8 11 
9 12 

24.3< 

6 5 
7 6 
8 7 
9 8 
10 9 
6 7 
7 8 
8 9 
9 10 
10 11 
7 9 
8 10 
9 11 
7 10 
8 11 
9 12 
7 11 
8 12 
9 13 

1 24.40 
I 

5 4 
j 6 5 

7 6 
8 7 
9 8 

10 9 
11 10 

6 Ref 

38.000 3 
43.500 3 
0.100 3 
0.602 3 
0.830 3 
2.200 3 
1.050 3 
0.860 3 
0.659 3 
0.538 3 
1.120 3 
0.525 3 
0.316 3 V 
0.295 3 
0.260 3 
0.345 3 
0.255 3 
0.244 3 " * 

> MEV, N2 ' 

4.860 1 
5.140 1 
13.740 1 
14.980 1 
21.200 1 
2.700 1 
2.140 1 
1.802 1 
1.542 1 
1.370 1 
1.016 1 
0.968 1 
0.920 1 
0.576 1 
0.306 1 
0.518 1 
0.348 1 
0.260 1 
0.478 1 

MEV, C02 

2.150 16 
3.600 16 
4.800 16 
8.400 16. 
lloOOO 16 
13.200 16 
15.000 16 

q q' 

4 5 
5 6 
6 7 
7 8 
8 9 
9 10 
4 6 
5 7 
6 8 
7 9 
8 10 
9 11 
4 7 
5 8 
6 9 
7 10 
8 11 
9 12 

25. OC 

10 9 
14 13 
15 14 
10 8 
10 11 

25.OC 

10 9 
14 13 
15 14 
10 8 
10 11 

30.81 

6 5 
7 6 
8 7 
9 8 

10 9 
14 13 
15 14 
16 15 
17 16 
6 7 
7 8 
8 9 

! 9 10 
1 10 11 

6 Ref 

4.800 16 
3.700 16 
3.300 16 
2.600 16 
2.000 16 
1.500 16 
2.500 16 
1.800 16 
1.330 16 
1.200 16 ; 
1.100 16 
0.910 16 
1.200 16 
0.620 16 
0.860 16 
0.650 16 
0.480 16 
0.680 16 

-J 

1 MEV, H2 

3.510 3 
13.000 , 3 
16.000 3 
0.010 3 
0.205 3 

> MEV, 02 

7.690 3 
21.000 3 
25.000 3 
1.080 3 
0.533 3 

MEV, N2 
� 

2.320 1 
2.200 1 
5.120 1 
9.980 1 

12.780 1 
31.800 1 
31.400 1 ] 
35.600 1 
35.200 1 
3.080 1 
2.380 -1 j 
1.946 1 
1.540 1 | 
1.440 1 

I 

q q' 

7 9 
10 12 
7 10 
10 13 
7 11 
10 14 
7 12 

38.04 

8 7 
9 8 
10 9 
11 10 
10 8 
8 9 
9 10 
10 11 
10 12 
10 13 
10 14 
10 15 

38.10 

6 5 
7 6 
8 7 
9 8 

10 9 
11 10 
12 11 
13 12 
5 6 
6 7 
7 8 
8 9 
9 10 

10 11 
11 12 
5 7 
6 8 
7 9 
8 10 
9 11 

10 12 
11 13 
5 8 
6 9 
7 10 
8 11 
10 13 
11 14 

<5 Ref 

0.904 1 
0.944 1 
0.404 1 
0.580 1 
0.628 1 
0.428 1 
0.410 1 

MEV, N2 

2.200 1 
5o 200 1 
9.660 1 
9.880 1 
0.130 I 
2.360 1 
2.260 1 
1.562 1 
0.906 1 
0.750 1 
0.442 1 
0.248 1 

MEV, C02 

0.830 16 
1.050 16 
2.230 16 
4.050 16 
6.600 16 
9.600 16 
11.200 16 
12.500 16 
4.750 16 
4.000 16 
3.150 16 
2.500 16 
2.100 16 
1.500 16 
1.150 16 
2.390 16 
1.900 16 
1.350 16 
1.000 16 
1.050 16 
0.930 16 
0.540 16 
1.160 16 
0.960 16 
0.830 16 
0.740 16 
0.310 16 
0.450 16 



V I I - 2 4 

wmww wiwin̂ nirtaa** 

i a' <5 ^ef 

4 6 . 0 3 MEV, N2 

9 
10 
11 
12 

9 
10 
12 

9 
10 
11 
12 

9 
10 
11 
12 

9 
10 
11 
12 

9 
10 
11 
12 

9 
10 
11 

9 
10 

8 
9 

10 
11 

7 
8 

10 
10 
11 

.12 
13 
11 
12 
13 
14 
12 
13 
14 
15 
13 
14 
15 
16 
14 
15 
16 
15 
16 

3 .140 
5 .300 
7 .480 

1 0 . 6 4 0 
0 . 0 8 4 
0 .048 
0 .186 
1.804 
1.328 
1.830 
1.404 
1.184 
0 . 8 9 0 
0 .420 
0 .448 
0 . 6 9 4 
0 .628 
0 .708 
0 .326 
0 .312 
0 .262 
0 .422 
0 . 2 1 4 
0 . 0 8 0 
0 .118 
0 .206 
0 . 0 4 4 
0 .048 

5 4 . 7 8 MEV, N 

10 
11 
12 
13 
17 
18 
11 
12 
12 
12 
12 
12 
12 

9 
10 
11 
12 
16 
17 
12 
13 
14 
15 
16 
17 
18 

2 .220 
3 . 5 6 0 
5 .480 
8 .940 

1 3 . 5 4 0 
1 5 . 5 8 0 

2 . 0 8 0 
1.624 
0 .978 
0 .562 
0 .330 
0 .148 
0 .050 

5 4 . 8 0 MEV, C02 

8 7 
9 8 

10 9 
11 10 
12 11 
13 12 
14 13 
15 14 
16 15 

7 8 
8 
9 

9 

10 
10 11 
11 12 
12 13 
13 14 
14 15 
15 16 

7 9 
8 10 
9 11 

10 12 
11 13 
12 14 
13 15 

7 10 
8 11 
9 12 

10 13 
11 14 
12 15 

0 . 6 6 0 16 
1.420 16 
2 . 4 5 0 16 
3 . 3 5 0 16 
5 . 0 0 0 16 
7 . 0 0 0 16 
8 .800 16 

10 .100 16 
1 1 . 0 0 0 16 

3 .800 16 
3 .300 16 
2 . 8 5 0 16 
2 . 4 0 0 16 
1.930 16 
1.600 16 
1.380 16 
1.100 16 
0 . 9 4 0 16 
1.950 16 
1.600 16 
1.490 16 
1.100 16 
0 . 8 5 0 16 
0 . 7 2 0 16 
0 . 4 8 0 16 
0 . 9 8 0 16 
0 . 8 3 0 16 
0 . 7 0 0 16 
0 . 8 5 0 16 
0 . 7 8 0 16 
0 . 4 8 0 16 

64 .28 MEV, N2 

12 11 3 . 6 8 0 1 
13 12 4 . 4 4 0 1 
13 14 1.484 1 

1 1 0 . 0 0 MEV, H2 

12 11 
12 13 
12 14 
12 15 
12 16 

0 .016 10 
0 . 1 0 0 10 
0 . 3 8 0 10 
0 . 0 1 0 10 
0 . 0 0 3 10 

1 1 0 . 0 0 MEV, HE 

12 
12 
12 

12 
12 
12 

1 1 
1 3 
14 
1 5 
16 
17 

0 . 0 6 5 
0 .160 
0 . 0 6 0 
0 . 0 2 0 
0 .007 
0 . 0 0 4 

10 
10 
10 
10 
10 
10 

1 1 0 . 0 0 MEV, AR 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

11 
1 3 
14 
15 
16 
17 
18 
19 
2 0 
2 1 
22 
2 3 
2 4 

0 . 0 9 0 
0 . 7 0 0 
0 . 4 0 0 
0 . 1 8 0 
0 . 1 2 0 
0 . 0 7 0 
0 . 0 5 0 
0 . 0 3 7 
0 . 0 3 0 
0 . 0 2 4 
0 . 0 2 0 
0 . 0 1 4 
0 . 0 1 1 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

1 6 2 . 0 0 MEV, 02 

17 
17 
17 
17 
17 
17 
17 
17 
17 

18 
19 
20 
21 
22 
23 
24 
25 
26 

0 . 6 0 0 10 
0 . 2 0 0 10 
0 . 1 2 0 10 
0 . 0 8 0 10 
0 . 0 6 0 10 
0 . 0 4 0 10 
0 .022 10 
0 . 0 1 0 10 
0 .002 10 

* *», M W A U V " * * �*rmmf*^O^VfV **«.'AH**! * W - * W ^ W *^S^MOUVkPiT^* » tt»*»*l*»lhtf nsfcti-r-uid W 
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1 Angert et al. (1968) 

and Moller et al. (1968) 

2 Betz et al. (1971a) 

3 Betz and Wittkower (1972a) 

4 Betz and Wittkower (1972b) 

5 Datz et al. (1970) 

6 Moak (1967) 

7 Dmitriev et al. (1962a) 

8 Dmitriev et al. (1962b) 

9 Main (1967) 

10 Moak et al. (1968) 

11 Nikolaev et al. .(1961a) 

12 Nikolaev et al. (1962b) 

13 Ryding et al. (1969a) 

14 Wittkower and Betz (1971b) 

15 Ryding et al. (1971b) 

16 Franzke et al. (1972) 

(Table IV.1, cont'd) 
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TABLE V.l. Experimental average equilibrium charge states 

of heavy ions with nuclear charges in the range 16Z"92, 
stripped in gaseous and solid targets with intermediate atomic 
numbers, as a function of the projectile energy. Col. 1 gives 
the energy in units of MeV, cols. 2 and 5 present the average 
charge in gases (cL) and in solids (qg), respectively, cols. 
3 and 6 specify the target (gases: Al  air, N2  nitrogen, 
02  oxygen, CO  carbon dioxide, AR  argon; solids: C  car
bon, CE  celluloid, FO  formvar), and cols. 4 and 7 show re
ference numbers which identify the source of the data and which 
are explained at the bottom of the Table. 

E ^ Ref q Ref 

Z = 16 M - 32 

3 .70 3 .45 Al 2 5 .85 C 2 
6 . 40 4 . 6 5 Al 2 6 .85 C 2 
8 .40 , 5 .16 Al 2 7 .45 C 2 
10 .00 5 .60 Al 2 7 .80 C 2 
12 . 70 6 .50 Al ? 8.45 C 2 
17 .00 7 . 50 Al 2 9 ,09 C 2 
19 .10 7 .90 Al 2 9 . 35 C 2 
20 . 0 0 8 .06 Al 2 9 . 45 C 2 
22 . 70 8.50 Al 2 9 .71 C 2 
23 . 8 0 8 .65 Al 2 9,V.l C 2 
26 . 40 8 .90 Al 2 10, 14 C 2 
27 . 2 0 8 .80 Al 2 10 . ? 5 C 2 
29 . 9 0 9 . 28 Al 2 10 .46 C 2 
32 . 6 0 9 .58 Al 2 10 .66 C 2 
38 . 1 0 9 . 95 Al 2 11 .05 C 2 
43 . 1 0 10 .32 Al 2 11 .40 C 2 
52 . 0 0 10 .70 Al ? 11 .87 C 2 

Z = 17 M = 35 

1.00 2 .03 N2 11 3 .41 C 11 
1.00 2 .07 02 11 
2 . 0 0 2 .76 N2 11 4 . M C 11 
2 . 00 2 . 78 02 11 
4 . 0 0 3 .86 N2 11 6.U6 C 11 
4 . 0 0 3 .74 02 11 
6 . 00 4 . 6 0 N2 11 6 .69 C 11 
6 .00 4 . 46 02 11 
8 .00 5 .34 N2 11 7. ■a6 C 11 
8 .00 5 .18 02 11 l.bO C 1 

E q Ref qe Ref 
G b 

Z-17 M»35 (cont 'd) 

10 . 00 5 . 7 / N2~~ir 8 .09 C 11 
10 .00 5 .60 02 11 
10 .00 5 .00 02 6 
12 .00 6 .54 N2 11 8 .53 C 11 
12 .00 6 . 3 3 02 11 8 .60 C 1 
18 .00 7 .00 02 6 
20 . 70 8 .00 02 6 
21 .00 10.00 C 1 
31 .00 10 .80 C 1 

I = 18 M = 40 

0 . 18 1.12 C 5 
0 . 26 1.54 C 5 
0 .30 1.00 AR 8 
0 . 35 1.83 C 5 
0 . 37 1.85 C 10 
0 . 45 2 .10 C 5 
0 . 47 2 . 13 C 10 
0 .50 1.28 AR 8 
0 .57 2 . 31 C 10 
0 . 70 1.51 AR 8 
0 .76 2 .71 C 10 
0 . 90 1.73 AR 8 
0 .96 3.08 C 10 , 
1.10 1.95 AR 8 
1.16 3 .37 C 10 
1750 2 . 15 AR 8 
1.41 2 .20 N2 7 3 .70 CE 7 
1»* 5 3 .73 C 10 
3 . 43 3 .20 N? 7 5 .50 CE 7 

- - -
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E 

0.19 
0.29 
0.39 
0.47 
0.66 
0.76 
0.96 
1.15 
1.45 

I.00 
2.00 
2.00 

10.30 
16.10 
23.20 
31.50 
41.20 
52.00 
64.40 

16.00 

2.00 
2.00 
4.00 
4.00 
6.00 
6.00 
8.00 
8.00 

10.00 
10.00 
12.00 
12.00 
14.00 
14.00 
14.20 
15.00 
20.00 
21.00 
25.00 
28.40 
33.00 
36.00 

qG 

Z * 26 

I » 28 
1.82 
2.48 
2.59 

Z = 33 

4.60 
6.30 
8.00 
9.50 
11.10 
12.50 
13.80 

Z = 34 

7.00 

Z » 35 
2.20 
2.42 
3.10 
3.27 
4.08 
4.06 
4.85 
4.80 
5.44 
5.45 
6.03 
6.09 
6.44 
6.58 

7.20 

8.52 
8.20 

— 

N2 
N2 
02 

Al 
Al 
Al 
Al 
Al 
Al 
Al 

02 

N2 
02 
N2 
02 
N? 
02 
N2 
02 
N2 
02 
N2 
02 
N2 
02 

N2 
N2 
02 

Ref 

M = 

M = 

13 
13 
13 
M = 

2 
2 
2 
2 
2 
2 
2 

M = 

13 
M = 

11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 

3 
3 
4 

qs 

56 
0.H4 
1.13 
1 .41 
1.64 
2.29 
2.V3 
3.12 
3.64 
4.20 

58 

75 

15.70 
17.00 
1H.40 

80 

79 
5.74 

7.73 

0.95 

9.69 

10.40 

11.20 
11.00 

11 .CO 
11.40 

12.90 
13.80 
14.50 
15.20 
14.60 

Ref 

C 
C 
C 
C 
C 
C 
C 
C 
c 

FO 
FO 
FO 

C 

c 
c 
c 
c 
c c 

c 
c 
c 
c 
c c c 

10 
10 
10 
10 
10 
10 
10 
10 
10 

2 
2 
2 

11 
11 
11 
11 
11 
11 
3 

1 
3 
1 
3 
4 I 1 
3 1 

E 

Z 
41.67 
54.00 
56.00 
67.00 
81.60 
82.20 
91.30 
100.00 
106.00 
115.00 
140.00 
148.00 
162.00 

0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
2.97 
97.40 

1.05 
2.95 
4.50 
6.00 
8.00 
9.50 

10.00 
10.00 
11.00 
11.70 
12.00 
13.70 
13.70 
15.00 
15.20 
17.00 
18.60 
19.20 
23.80 
24.00 
24.30 
24.40 
24.80 
28.70 
30.80 
30.80 

qG Ref 

= 3 5 M = 79 
11.20 H2 3 
11.80 02 4 
14.00 02 4 
15.20 02 4 
16.20 N2 3 
17.40 02 4 
17.60 N2 3 
18.70 02 4 

Z = 36 M = 
0.72 N2 8 
0.95 N2 8 
1.10 N2 8 
1.20 N2 8 
1.34 N2 8 
1.44 N2 8 
1.50 N2 8 
2.35 N2. 7 

Z = 5^ M = 
1.99 02 9 
3.19 02 9 
3.93 02 9 
4»39 02 9 
5.02 02 9 
5.05 CO 15 
5,54 02 9 
4o00 A I 2 
4.60 Al 2 
6„15 02 9 
6.11 CO 15 
5.20 Al 2 
5.66 N2 3 
5o80 Al 2 
7.22 CO 15 
6o40 Al 2 
7„00 Al 2 
7,40 Al 2 
8.40 CO 15 
7.20 02 4 
8o00 Al 2 
8,44 CO 15 
8.50 Al 2 

qs Ref 

(cont'd) 
15.60 C 
17.20 C 
17.20 C 
19.10 C 
20.20 C 
20.70 C 
20.60 C 
21.80 C 
23.40 C 
23.60 C 
24.30 C 
84 

5.95 CE 
20.60 C 

127 

6. iO C 
7.70 FO 

10.40 C 
9.50 FO 
10.50 C 
10.30 FO 
12.10 C 
11.20 FO 
11.90 FO 
13.00 C 
13.10 FO 
14.70 FO 
13.50 C 
14.80 FO 
15.80 C 
16.00 FO 

. 
16.40 FO 

3 
3 
4 
4 
4 
3 
4 
4 
3 
4 4 

■ 

7 
16 " 

li 
2 

11 
2 
6 
2 
11 
• 
2 
_ 
2 
6 
• 
2 
2 
3 
2 
4 
2 
2 
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E Ref Ref 

Z = 53 M = 127 ( c o n t ' d ) 

3 4 . 1 0 
3 8 . 0 0 

3 8 . 1 0 
3 9 . 2 0 

4 0 . 0 0 

_ 4 6 . 1 0 

4 6 . 5 0 

5 1 . 3 0 
5 4 , 30 
5 4 . 8 0 
6 0 . 0 0 

6 0 . 7 0 

6 4 . 3 0 

6 8 . 5 0 
7 4 , 5 0 

7 4 . 6 0 

7 6 . 8 0 

7 8 . 0 0 

8 2 . 8 0 

1 0 3 . 8 0 

1 1 0 . 0 0 
1 2 6 . 0 0 

150*00 
1 5 2 . 0 0 
1 6 2 . 0 0 

1 8 0 . 0 0 

9 , 0 0 A l ? 
9 . 9 0 A I 2 
JO ,56 CO 15 

1 0 , 0 0 
1 1 . 5 4 
1 1 . 0 0 
U . fa 0 
1 2 . 6 1 
I ? o 6 0 

1 3 . 1 3 
1 3 . 0 0 
1 3 . 6 0 
1 4 . 0 0 
1 4 , 8 0 
1 4 . 5 5 

A l 
CO 

A I 
02 

CO 

A l 
N2 

A l 
CO 

A ! 
A ! 
CO 

1*5 
2 
3 
? 
i s 
2 
? 
15 

1 7 , 40 FO 
I B . 2 0 FO 

1 9 . 2 0 C 

I B . 6 0 FO 

1 9 . 7 0 Ff) 
2 0 . 4 0 C 

. ' I . 00 Ffl 
2 1 . 6 0 C 

2 1 . 9 0 Ffl 

2 3 , 1 0 FO 

2 

2 

6 

2 

2 
4 

3 

2 

1 4 . 9 0 0 2 4 
1 7 . 1 0 02 4 
1 1 . 0 0 HZ 3 

cO„10 0 2 

7 1 . 0 0 N2 

2 1 . 7 r f»2 

/. 
) 
4 

7 3.80 
24.40 

25,40 
?5. ao 
C6.80 
78.80 
■>9,20 
?9.50 

FO 
C 

C 
C 
c 
C 

C 
c 

2 
4 

4 
3 
4 
4 

3 
4 

E Ref Ref 

2.00 
2.00 
4.00 
4.00 
6.00 
6.00 
u.oo 8.00 

10.00 
10.00 
15.00 
15.00 
45.00 
69.00 
81.00 
90.00 
127.00 
137.00 
148.00 

Z * 73 

1.72 
I.P9 
2«4i 
2.67 
2.90 
3.1^ 
3„40 
3.63 
3o76 
3c97 
4„6^ 
4.8 7 

M2 
02 
M2 
H2 
HZ 
02 
M2 
02 
N2 
02 
H2 
02 

M = 

1/ 
12 
1? 
1? 
1? 
1?. 
17. 
12 
1? 
17 
12 
17 

U'l 

5.86 

7»?2 

8.22 
8.98 

11.10 
70.70 
24.50 
74.70 
25.40 
78.20 
7R.20 
79.00 

C 

c 
c 
c 
c c c c c c c c 

12 

12 

12 

12 

12 
4 
4 
4 
4 
4 
4 [ 4 I 

2 . 0 0 

2 . 0 0 

4 . 0 0 

4 . 0 0 

6 . 0 0 

6 . 0 0 

7 . 2 0 

8 . 0 0 

8 . 0 0 

9 . 9 0 

1 0 . 0 0 
1 0 . 0 0 
1 2 , 9 0 

1 5 , 0 0 
1 5 . 0 0 

" 2 0 . 3 0 " 
2 4 . 4 0 

2 9 . 2 0 

2 9 , 2 0 

3 0 . 0 0 

3 4 , 0 0 

39. 
40 , 
45„ 
4 5 . 
50 , 
5 1 „ 9 0 

5 8 . 30 

60
65 , 
TO. 00 

8 0 . 0 0 

9 0 o 0 0 

1 0 0 a 0 0 
11 COO 
1 2 0 . 0 0 
1 3 0 , 0 0 
1 4 0 . 0 0 
1 5 0 , 0 0 

80 

00 

60 

70 

00 

00 

70 

z = 9; 

2 . 6 1 

2 . 0 2 

3 . 0 0 

3 . 3 4 

3 . 6 5 

3 . 7 7 

3 .97 
4 . 16 

M2 

02 

HZ 
02 

N2 

02 

HZ 
02 

4 . 4 8 M2 
4 , 6 7 3 2 

M = 738 

12 
12 
12 
12 
12 
12 

12 
12 

12 
12 

5 , 4 4 H2 12 
5 . 5 4 H2 12 

3 . 4 0 C 12 

5 . 1 0 C 12 

6 . 5 0 C 12 

6010 FO 2 

7 . 9 0 C 12 

8 . 10 FO 2 

8 . 9 0 C 12 

9 . 8 0 FO 2 

1 0 . 8 0 

1 2 . 5 0 

J 3 . 9 0 

1 6 . 3 0 

1 5 . 4 0 

1 7 . 0 0 

1 6 . 6 0 

1 8 . 2 0 

1 9 . 0 0 

1 9 . 4 0 

2 1 . 8 0 

C 
Fn 
FO 
FO 
C 

FO 
C 

FO 
FO 
C 
FO 
C 

12 
2 
2 
2 
14 
2 
4 
2 
2 
4 
2 
14 

.tu>x«ieena>r4u«iM*^ *

21.00 
21.00 
22.50 
24.00 
23.60 
26.00 
7 7.00 
27.50 
27.90 
29.10 
30.50 
31.00 
30.60 
31.90 

C 
FO 
FO 
c FO 
c 
C 
C 
C 
C 
C 
C 
C 
C 

4 
2 
2 
4 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 

— — 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Almqvist et al. 

Betz et al. 

Datz et al. 

and Moak et al. 

Grodzins et al. 

Hvelplund et al. 

Litherland et al. 

Nikolaev et al. 

Pivovar et al. 

Ryding et al. 

Smith et al. 

Wittkower and Ryding 
| 

Wittkower and Betz 

Wittkower 

Brown 

Franzke et al. 

Baron 

(1962) 

(1966) 

(1971) 

(1968) 

(1967) 

(1970) 

(1963) 

(1960) 

(1965a) 

(1969b) 

(1969) 

(1971) 

(1972) 

(1972) 

(1972) 

(1972) 

(1972) 

(Table V . l , cont 'd) 
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Table V-2- List of parameters for the semienrpirical formula Eq.(5.4) by 

Qnitriev and Nikolaev (1964). 

.- . - : _ -

Medium 

H2 ' 
He 

N2, Ar . 

sol id 

_ -"—--"- "-

■<i 

I 
> O.k 

> 

0.1 

—••"-""-— 

*z 

' 0.3 

0.6 

—"—— - -

m, 

1.2 

1.3 

0.9 

1.2 

n 1 

k.O 

k.5 

7-0 

5.0 

Table V.3. List of parameters for the semiempirical formulas Eqs. (5.6) 

and (5.7) by Betz et al. (1966). 

Air-Stripper Formvar-Foilstripper 

Ion 

s 
As 

I 

U 

1.135 

1.117 

I.O65 

O.663 

0.628 

0.641 

— 

1.083 0.60k 

(1.098) (0.538)* 

1.030 O.518 

1.030 0.510 

* These values may be slightly in error because of 

some uncertainty in the identification of the projectile. 
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FIG. 2.1. Calculated nonequilibrium charge state distri-

butions for 15-MeV iodine ions with initial charge +11, stripped 

in dilute oxygen; from Betz and Wittkower (1972a). The under-

lying set of multiple capture and loss cross sections a(q,q') 

consists of experimental values for 5 ̂ = q — 11, and of extra-

polated values for q — 4 and q ^ 12. Charge states are indi-

cated near each curve. Experimental charge state fractions which 

have been measured at target thickness zero served as initial 

conditions for the integration of Eq.(2.1) and are indicated by 

arrows on the left-side ordinate. Charge equilibrium is reached 

16 2 
at a target thickness of only ~ 10 molecules /cm , corres-

2 
ponding to 0.53 ug/cm . 

FIG. 2.2. Charge state distributions for 15-MeV iodine 

ions in oxygen, taken from Fig. 2.1 at four target thicknesses: 

14 x = 0 (incident experimental distribution), x = 3.54x10 , 

x? = 1.86x10 , and x^ = 10 molecules /cm (equilibrium). The 

calculated fractions are indicated by vertical bars; the enve-

lopes are drawn as smooth curves to guide the eye and to demon-

strate the peculiar shapes of the distributions. 

FIG. 2.3. (a) Hypothetical cross sections -for capture and 

loss of a single electron, taken from Eq. (2.10) with b = 0.4, 

b„= 0.1, and q =20; (b) corresponding gaussian equilibrium 

charge state distribution, which is centered symmetrically 

around q = 19.7 and has a width d = 1.43. 
^o o 
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FIG. 2.4. (a) Hypothetical set of charge changing cross 

sections for capture and loss of a single electron, taken from 

Eq. (2.10) with b = b = 0.3 and q = 20, and for loss of n elec-ta x ' e x ^o ' 

trons, taken from Eq.(2.14) with k = k and k = 0.6. The num-
^ n o o 

ber n is indicated near each curve. (b) Equilibrium charge 

state distributions which result from the set of cross sections 

(a) by taking into account multiple loss for n — n . Values 
% 

n = 1, 2, 4, and 18 have been chosen and are indicated near 

each each distribution. The skewness s of the resulting distri-

butions amounts to 0, 0.11, 0.28, and 0.58, respectively. 

FIG. 2.5. (a) Relative increase of the charge state dis-

tribution width, (d - d )/d , and (b) skewness s of equilibrium 

a distributions, as a function of n . The associated equili-max ^ 

brium distributions have been calculated from charge changing 

cross sections for capture and loss of a single electron, taken 

from Eq.(2.10) with b = b = 0.25, and for loss of n electrons, 
c * 

n-1 £ 
taken from Eq.(2.14) with k = k and n ^ n . Several ^ n o max values of k have been chosen and are indicated near each o 
curve. 
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FIG. 3.1. Principal elements of the experimental arrange-

ments used by the groups at Oak Ridge (Moak et al. 1968) and 

Heidelberg (Betz et al. 1966, Angert et al. 1968, and Moller et 

al. 1968) for charge state measurements with gaseous or solid 

targets. 

FIG. 3.2. Experimental apparatus used by the Burlington 

group (Ryding et al. 1969b) for charge state measurements with 

gaseous or solid targets. Detailed characteristics of the 

differentially pumped gas cell are listed in Table III.l. 

FIG. 3.3. Pulse height spectrum of iodine ions stripped 

continuously in the Oak Ridge 7-MV tandem van de Graaff accelera-

tor. The ions are deflected through a 90 magnet onto a sili-

con surface barrier detector; from Moak et al. (1963). 

FIG. 3.4 Charge state spectrum of 110-MeV iodine ions 

stripped in hydrogen at 0.6 Torr in a gas cell of length 50 cm, 

recorded with a position-sensitive detector 2 cm in length. The 

abscissa gives the deflection of each charge component in the 

analyzing electric field; from Moak et al. (1968). 

FIG. 3.5 Apparatus for a transverse supersonic jet target 

of carbon dioxide; from Franzke et al. (1972). 

FIG. 3.6. Nonequilibrium charge state distributions for 14-

MeV bromine ions passing through hydrogen (a) and helium (b). The 

incident fractions with charge 7+ and 8+, respectively, are not 

displayed. The solid lines are calculated from the final set of 

cross sections and originate, in the analysis, from the data 

points at target thickness zero; from Betz et al. (19 71a). 
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FIG. 4.1. Cross sections o (q,q+n) in units of 10 cm A 
molecule for electron capture (solid lines) and electron loss 
(dashed lines) by bromine ions passing through helium at energies 
of 6-, 10-, and 14 MeV, as a function of the initial ionic charge 
state q. The values of n are indicated near each curve. All 
data points are taken from Table IV.1 and originate from Betz 
et al. (1971a). 

— 16 2 FIG. 4.2. Cross sections a(q,q+n) in units of 10 cm / 
molecule for electron capture (solid lines) and electron loss 
(dashed lines) by iodine ions passing through helium at energies 
of 6-, 10-, and 15 MeV, as a function of the initial ionic charge 
state q. The values of n are indicated near each curve. All 
data points are taken from Table IV.1 and originate from Betz 
et al. (1971a). 

FIG. 4.3. Charge changing cross sections a(q,q+n) in units 
— 16 2 

of 10 cm /molecule for iodine ions passing through hydrogen 
at energies of 5-, 10-, 15-, and 20 MeV, as a function of the 
initial ionic charge state q. The full symbols refer to electron 
capture, n = -1 (•), and n = -2 (B), and the open symbols refer 

i 

to electron loss, n = 1 (o), n = 2 (□), and n = 3 (A). All data 
points are taken from Table IV.1 and originate from Betz and 
Wittkower (1972a). 

FIG. 4.4. Charge changing cross sections a(q,q+n) in units 
— 1 6 2 

of 10 ' cm /molecule for iodine ions passing through oxygen at 
energies of 5-, 10-, 15-, and 20 MeV, as a function of the initial 
ionic charge state q. The full symbols refer to electron capture, 
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n = -1 (�), and n = -2 (B), and the open symbols refer to elec-

tron loss, n = 1 (o), n = 2 (a), n = 3 (A), and n = 4 (X). The 

location of the values of the multiple loss cross sections for 

n - 7 at 15 MeV is indicated by solid lines. All data points 

are taken from Table IV.1 and originate from Betz and Wittkower 

(1972a). 

— 16 2 FIG. 4.5. Cross sections a(q,q±l) in units of 10 cm / 

molecule for capture (open symbols) and loss (full symbols) of a 

3ingle electron by iodine ions of various energies in collisions 

with nitrogen molecules, as a function of the initial ionic 

charge state q of the ions. Open and full symbols of the same 

kind refer to the same energy which is indicated in units of 

MeV near the curves for electron capture. All data points are 

taken from Table IV.1 and originate from Angert et al. (1968) 

and Moller et al.- (1968). 

—16 2 
FIG. 4.6. Cross sections a(q,q-l) in units of 10 cm / 

molecule for capture of a single electron by various ions of the 
p 

same velocity v = 9.1x10 cm/sec in collisions with nitrogen 

molecules; from Angert et al. (1968). 

FIG. 4.7. Velocity dependence of cross sections for capture 

(solid lines) and loss (dashed lines) of a single electron by 

bromine and iodine ions passing through helium. The initial ionic 

charge state of the projectiles is indicated near each curve. 

All data points are taken from Table IV.1 and originate from Betz 

et al. (1971a). 



VI1-36 

FIG. 4.8. Velocity dependence of cross sections for cap-

ture (full symbols) and loss (open symbols) of a single electron 

by iodine ions passing through hydrogen and oxygen. The initial 

ionic charge state of the projectiles is indicated near each 

curve. All data points are taken from Table IV.1 and originate 

from Ryding et al. (1969a), Wittkower and Betz (1971b), and Betz 

and Wittkower (1972a). 

FIG. 4.9. Ratios of cross sections, a(q,q+n)/a(q,q±l), in 

percent, between multiple and single electron transfer for 15-MeV 

iodine ions passing through oxygen, as a function of the initial 

ionic charge state q;o — ratio for double capture (n = -2), o — 

ratio for multiple loss (n £ 8). The values of n are indicated 

near each curve. The underlying cross section values are taken 

from Table IV.1 and originate from Betz and Wittkower (1972a). 

FIG. 4.10. Relative cross sections, k = a(q,q+n)/a(q,q+l), 

in percent, for multiple electron capture and loss of 15-MeV 

iodine ions with initial charge q = 5+ passing through hydrogen 

(A), helium (a), and oxygen (o), and with initial charge q = 6+ 

passing through oxygen (�). Also shown is the dependence 

k = k with k =0.6. The underlying cross section values n o o 

are taken from Table IV.1 and originate from Betz et al. (1971a) 

and Betz and Wittkower (1972a). 
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FIG. 5.1. Average relative equilibrium ionization of ions 

of nuclear charge 42 and 50, calculated by Lamb (1940) for a 

dilute gas stripper, plotted as a function of the reduced ion 

velocity v/(v Z 2 / 3). 
o 

FIG. 5.2. Average relative equilibrium ionization of ions 

of nuclear charge 40 and 50, calculated by Bell (1953) for a 

low density oxygen target, plotted as a function of the reduced 

2/3 ion velocity v/(v Z ' ) . 

FIG. 5.3. Theoretical and experimental results for the 

average relative equilibrium ionization of heavy ions passing 

through gaseous targets, plotted as a function of the reduced 

2/3 ion velocity v/(v Z ' ). Theoretical curves: 1 - Lamb (1940); 

2 - Bohr (1941); 3 - Brunings, Knipp and Teller (1941); 4 -

Bell (1953). Curve 3 is the result for large Z (fission frag-

ments) which has been calculated under the assumption that the 

characteristic electron velocity in Bohr's criterion is the 

one of the most weakly bound electron in the ion. Experimen-

tal results for ions with nuclear charges in the range 

16 '� Z — 92, stripped in nitrogen, oxygen and air are taken 

from Table V.l. The full symbols refer to experiments in which 

a dense gas target has been used, and the open symbols refer to 

data which has been obtained in more dilute gas strippers. 

FIG. 5.4. Single-ionization potentials for iodine ions as 

a function of initial charge states, calculated by Carlson et 

al. (1970). 
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FIG. 5.5. Average equilibrium charge of iodine ions passing 

through dilute gases of nitrogen, oxygen and air, plotted as 

a function of the ion velocity. The step-function has been 

calculated from Bohr's criterion and single-ionization poten-

tials. The solid line represents an attempt to smooth the 

step-function. Experimental points have been taken from Table 

V. 1. 

FIG. 5.6. Average equilibrium charge of superheavy ions 

with nuclear charge Z = 114. The step function has been cal-

culated for gaseous targets from Bohr's criterion and single 

ionization potentials. Also shown are extrapolated semiem-

pirical estimates: in gases, Eq.(5.5); 

in solids, Eq.(5.8). 

FIG. 5.7. Average equilibrium charge of bromine ions 

stripped in nitrogen and oxygen gas (open symbols), and in car-

bon foils (full symbols)f plotted as a function of the projec-

tile energy. Experimental results are taken from Table V.l: 

(a) - Moak et al. (1968) and Datz et al. (1971); (b) - Grodzins 

et al. (1967); (c) - Wittkower and Ryding (1971); (d) - Alm-

qvist et al. (1962). Semiempirical estimates: la, b -

Dmitriev and Nikolaev (1964), Eq. (5.4) and (5.5); 2 - Nikolaev 

and Dmitriev (1968), Eq. (5.8). 

FIG. 5.8. Average equilibrium charge of iodine ions 

stripped in nitrogen, oxygen and air (open symbols) and in 
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carbon and formvar foils (full symbols)f plotted as a function 

of the projectile energy. Experimental results are taken from 

Table V.l: (a) - Betz et al. (1966); (b) - Moak et al. (1968) 

and Datz et al. (1971); (c) - Grodzins et al. (1967); (d) -

Ryding et al. (1969b) and Wittkower (1972);(e) - Litherland et 

al. (1963). Theoretical and semiempirical estimates: 1 - Bohr 

(1941); 2 - Betz et al. (1966), Eq.(5.6) with C = 1 and y = 2/3; 

3a,b - Dmitriev and Nikolaev (1964), Eq. (5.4) and (5.5); 4,5 -

Betz et al. (1966), Eq. (5.7); 6 - Nikolaev and Dmitriev (1968), 

Eq. (5.8). 

FIG. 5.9. Average equilibrium charge of uranium ions 

stripped in oxygen (open symbols), and in carbon and formvar 

foils (full symbols), plotted as a function of the projectile 

energy. Experimental results are taken from Table V.l: 

(a) - Betz et al. (1966); (b) - Grodzins et al. (1967); 

(c) - Wittkower and Betz (1972). Semiempirical estimates: 

1 - Dmitriev and Nikolaev (1964), Eq. (5.5); 2,4,5 - Betz et 

al. (1966), Eq. (5.7); 3 - Nikolaev and Dmitriev (1968), Eq. 

(5.8). 

FIG. 5.10. Average relative equilibrium ionization of 

heavy ions passing through carbon (full symbols) and other 

light foils (open symbols), plotted as a function of the re-

duced ion velocity, v/(v'Z * ), with vr = 3.6 x 10 cm/sec. 

The experimental data has been taken from Table V.l. The 

solid line represents the semiempirical estimate by Nikolaev 

and Dmitriev (1968), Eq. (5.8). 
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FIG. 5.11. Average relative equilibrium ionization of 

heavy ions passing through gaseous targets of nitrogen, oxygen, 

and air, plotted as a function of the reduced ion velocity 

v/ (v Z ).' All data points are taken from Table V.l. The 

full and open symbols refer to dense more diluted gas targets, 

respectively. I 

FIG. 5.12. Average equilibrium charge for sulphur, bromine 

and iodine ions as a function of the target species. Open and 

full symbols refer to gaseous and solid strippers, respectively. 

The ion energy is indicated at each curve (in units of MeV); 

from Betz et al. (1966), Datz et al. (1971), Ryding et al. (1969b), 

and Wittkower and Ryding (1971). 

I 

FIG. 5.13. Average equilibrium charge for iodine ions 

stripped in various gases, as a function of the projectile velo-

city; from Ryding et al. (1969b) . 

FIG. 5.14. Equilibrium charge state distributions for 

2-MeV bromine ions, stripped in gases of hydrogen, oxygen and 

argon, and in a carbon foil. All distributions are influenced 

by density effects; from Wittkower and Ryding (1971). 

I 
i 

FIG. 5.15. Equilibrium charge state distributions for 

12-MeV bromine ions, stripped in gases of hydrogen and oxygen, 

in a fluorocarbon vapor (C_Fn-), and in a carbon foil. All 
b i b ' 

distributions are influenced by density effects; from Wittkower 

and Ryding (1971). 
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FIG. ,5.16. Equilibrium charge state distributions for 

bromine ions, stripped in a carbon foil at 100 and 140 MeV; 

from Moak et al. (1967, 1968). 

FIG. 5.17. Equilibrium charge state distributions for 

12-MeV iodine ions, stripped in gases of hydrogen and oxygen, 

in a fluorocarbon, vapor (C..F--), and in gold and carbon foils. 

All distributions are influenced by density effects; from 

Ryding et al.(1969b) and Wittkower and Ryding (1971). 

FIG. 5.18. Equilibrium charge state distributions for 

iodine ions at 18.6, 30.8, and 54.7 MeV, stripped in formvar 

foils; from Betz et al,. (1966). 

FIG. 5.19. Equilibrium charge state distribution for iodine 

ions at 64.3 MeV and 74.5 MeV, stripped in a- supersonic jet of 

mercury vapor; from Franzke et al. (1967). 

FIG. 5.20. Equilibrium charge state distributions for 

110-MeV iodine ions, stripped in gases of hydrogen, helium, 

argon and krypton, and in carbon and gold foils; from Datz et 

al. (1971). 

FIG. 5.21. Equilibrium charge state distributions for 

iodine ions, stripped in argon gas at 162 MeV and at 183 MeV; 

from (a) - Datz e't'al.' (19 71); (b) - Grodzins et al. (1967). See 

also the footnote on p.V-32. 

-1/2 Fig. 5.22. Reduced width d Z ' of equilibrium charge 
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state distributions for chlorine, selenium, bromine, and argon 
ions passing through oxygen, plotted as a function of the pro
jectile velocity; from Ryding et al. (1969b) and Wittkower 
and Ryding (1971). 

FIG. 5.23. Width d of equilibrium charge state distribu
tions of iodine ions passing through various gases, plotted as 
a function of the projectile velocity; from Ryding et al. 
(1969b). 

FIG. 5.24. Skewness s of equilibrium charge state distri
butions of bromine ions passing through various gases and a 
carbon foil, plotted as a function of the projectile velocity; 
from Wittkower and Ryding (19 71). 

FIG. 5.25. Reduced equilibrium charge state fractions 
F d of heavy ions stripped in oxygen gas, plotted as a function 
q 

of (qq)/d; chlorine: x 3.3 MeV, + 12MeV; bromine: 
a -■■ 7.45 MeV, A  14 MeV; iodine: o  3 MeV, V  12 MeV; from 
Ryding et al. (1969b) and Wittkower and Ryding (1971). The 
dashed vertical line indicates the location of the maxium of 
the charge distribution and, for comparison, the dashed curve 
shows a pure gaussian distribution. 

FIG. 5.26. Interpolation graph for equilibrium charge state 
distributions of iodine ions, stripped in carbon, plotted as a 
function of the projectile energy; from Moak et al. (1967), and 
Datz et al. (1971). 
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FIG. 5.27 Charge state distributions and high charge 

state tails of 12 - MeV bromine ions, stripped in gases of oxy-

gen, argon and xenon, and in carbon and gold foils; from Ryding 

et al. (1971b). The high charge state tails in the gaseous 

targets do probably not reflect charge state equilibrium. 

FIG. 5.28. Charge state distributions and high charge 

state tails of 12 - MeV iodine ions, stripped in'gases of oxy-

gen, argon and xenon, and in carbon and gold foils; from 

Ryding et al. (1971b). The high charge state tails in the gas-

eous targets do probably not reflect charge state equilibrium. 

FIG. 5.29. Relative effective charge, q f f/Z, of bromine, 

iodine, and uranium ions deduced from measurements of the energy 

loss of these ions in various solid targets, plotted as a func-

tion of a reduced ion velocity vR = vZ \ where y = 0.6 88. The 

solid line represents a least squares fit and coincides with 

Eq. (5.6) for C = 1.034 and y = 0.688; from Brown and Moak (1972). 
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FIG. 6.1. Density effect in equilibrium charge state dis-

tributions of 4.5 -MeV iodine ions passing through hydrogen; - - -

calculated from ground state cross sections for electron capture 

and loss; measured in dense hydrogen ( ~ 0.5 Torr); from 

Ryding et al. (1969a) . 

FIG. 6.2 Charge state fractions of a 4-MeV chlorine beam 

as a function of hydrogen-target density (cell length L = 3.65 cm). 

99.7 % of the incident ions carried the charge +4. For simpli-

city, the fractions with charge +4. For simplicity, the frac-

tions with charge +3 have been omitted from the graph. The 

solid lines are computed from a complete set of experimental 

ground state charge changing cross sections, and the deviations 

from the measured fractions indicate the influence of excited 

states (density effect). The interrupted lines are drawn at inter-

mediate densities to guide the eye and are computed at high den-

sities using ground state cross sections, lifetimes and para-

meters for the average residual ion excitation; from Ryding et 

al. (1970c), Betz (1970), and Betz et al. (1971b). 

FIG. 6.3. Effective charge changing cross sections for 

4-MeV chlorine ions, determined experimentally as a function of 

hydrogen-target density (cell length L = 3.65 cm); A - single 

electron loss, o - single electron capture; from Ryding et al. 

(1970c). 
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FIG. 6.4. Equilibrium charge state fractions in dilute 

and dense helium gas for bromine ions at 6-, 10-, and 14 MeV. 

The distributions in dilute helium (triangles) have been cal-

culated from experimental ground state cross sections. The dis-

tributions in dense helium (circles) have been measured at tar-

16 3 

get densities of approximately 3 x 10 molecules/cm ; from 

Ryding et al. (1969b), Betz et al. (1971a), and Betz and Witt-

kower (19 72b). 

FIG. 6.5. Equilibrium charge state fractions in dilute and 

dense helium gas for iodine ions at 6-, 10-, and 15 MeV. The 

distributions in dilute helium (triangles) have been calculated 

from experimental ground state cross sections. The distribu-

tions in dense helium (circles) have been measured at target den-

16 3 
sities of approximately 3 x 10 molecules/cm ; from Ryding et 
al. (1969b) Betz et al. (1971a), and Betz and Wittkower (1972b), 

FIG. 6.6. Equilibrium charge state distributions for 46-MeV 

iodine ions stripped in nitrogen gas at intermediate density of 

14 3 
~ 3 x 10 molecules /cm , in a supersonic jet of carbon dioxide 

17 3 

with a density of ^1.5 x 10 molecules/cm , and in a fluoro-

carbon vapor; from Franzke et al (1972). 

FIG. 6.7. Influence of the target gas density on the aver-

age equilibrium charge of aluminum, bromine, and iodine ions, 

stripped in gases of hydrogen, helium, and nitrogen, as a func-

tion of the projectile energy. The full symbols represent values 
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which have been measured in dense gases ( ~ 0.5 Torr), and the 

open symbols represent values which have been calculated from 

ground state charge changing cross sections; from Ryding et al. 

(1969b, 1970a, 1970b), Betz et al. (1971a), and Betz and Witt-

kower (19 72b). The open triangle indicates the mean charge which 

has been measured by Datz et al. (19 70) for 13.9-MeV bromine 

ions in helium at intermediate densities of ^ 0.02 Torr. 

FIG. 6.8. Average equilibrium charge of iodine ions strip-

14 ped in carbon dioxide at intermediate densities of ~ 3.3 x 10 

3 
molecules/cm and in a supersonic jet of carbon dioxide at 

17 3 

higher densities of " 1.5 x 10 molecules/cm , as a function 

of the energy of the iodine projectiles; from Franzke et al. 

(19 71). For comparison, the average equilibrium charge of iodine 

ions is also shown for formvar foil targets; from Betz et al. 

(1966). 

FIG. 6.9. Average effective lifetimes t of 4-MeV chlorine 

ions excited in collisions with hydrogen atoms as a function of 

the ionization potential I of the relevant charge state. The 
q 

potentials I are taken from Carlson et al. (1970); from Betz 
q 

et al. (1971b). 

FIG. 6.10. Schematic illustration of electron loss cross 

sections in the Bohr and Lindhard model for the density effect 

in solids. In a typical example, it is demonstrated that large 

shifts of the mean equilibrium charge are obtained only when 

the effective loss cross sections of excited ions inside solids 
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are substantially higher than the loss cross sections of ground 

state ions in dilute gases. Capture and loss cross sections , 

2 -3 I 
are assumed to vary proportional to q and q , respectively. 
Multiple cross sections have been neglected. 

FIG. 6.11. Schematic illustration of the average charge 
i | 

of he'avy ions passing through dense gases and solids. The [ 

slashed area represents the target. BL - theory by Bohr and 
i 

Lindhard; BG - modified theory by Betz and Grodzins (1970). 
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