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1. INTRODUCTORY NOTE 

This· article presents some of the. commonly used for

mulas and principal data on the passage of fast charged 

particles through matter. Because of space limitations, 

much useful material has been omitted. The bibliography 

includes mainly the newest available references. Most of 

the technical reports cited are a~ailable from the Clearing 

House for Federal Scientific and Technical Information, 

Springfield, Va. 22151. An extensive review of the field 

is found in Publication 1133 of the National Academy of 

Sciences- National Research-Council (NA67). The "Biblio-

. graphy of Atomic and Molecular Processes" (ORNL-AMPIC 11, 

UC-34-Physics for January-June 1968), .is published semi-

. annually by the Atomic and Molecular Processes Information 

CenteT, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

It contains sections concerned with energy losses, ioniza

tion, particle range, etc. 

A number of papers concerned with particles at the 

lowest energies considered in this article have appeared in 

the "Proceedings 6f an International Conference on Atomic 

Collisions and Penetration Studies with ·Energetic Ion Beams", 

Chalk River, Ontario, September 18-21, 1967 (DA68), and 

in the abstracts of the ~V International Conference of the 

Physics of Electronic and Atomic Collisions", (FL67). 
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2. ATOMIC COLLISION CROSS SECTIONS 

The following notation will be used: 

The kinetic energy of particles will be denoted by 

T, the energy of a secondary electron (a-ray) by E or 

by W if expressed in atomic units [Eq .. (2-3)]. Thick-

-2 
nesses s are usually measured in . g em The stopping 

power (usually called dE/dx) will then be denoted as 

S = -dT/ds. 

Except for particles with very small or extremely 

large velocities v, the interaction between energetic 

charged particles (of charge· ze) and matter leads mainly 

to the excitation and ionization of atoms or molecules 

(FA63). The probability for a collision leading to an 

atomic state of energy En is described by the collision 

cross.section an. Relatively little information is avail-

able about.the details of a 
n 

(e.g., FC68, RU68, OL67, 

ES69). In energy loss experiments, the quantities observed 

are usually averages over En and a 
n 

(e:g., the stopping 

power dT/ds is ! En an), and even a coarse approximation 

of an will give satisfactory answers. 

-Frequently, the free electron apptoximation is used 

for a description of an. The energies En then are con

tinuously distributed and are equal to the electron energy E. 

The ~ollision cross section is differential with respect to 

E and is given, nonrelativistically, by (see, e:g., BI68). 
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(2-1) 

MeV/cm
2 

z = charge number of .incident particle 

a = v/c, velocity of incident particle relative 

to velocity of light [see Eq. (8-3)] 

"classical electron radius") 

m = rest mass of electron, 
2 

me = 0.511004 MeV 

N
0 

= Avogadro's number = ·6.02217 x 10 23 

e = electron charge 

E = energy of electron after collision 

A.= atomic weight of stopping material, in grams 

Z = atomic number of stopping material. 

Using the Born approximation, Bethe (BE30) has given 

the non-relativistic quantum mechanical derivation of do 

for bound electrons: 

where J. 
1 

do= ·2(P/S
2

) E J.(n. ,W) dW 
i 1 1 . 

is called the excitation function (WA56). 

(2-2) 



Electron energies W and equivalent particle energies 

n. are measured in atomic units 
l. 

4. 

W = E/[(Z (2-3) 

n· l. 

Ry = Rydberg = 13.60 eV 

di = electron defect, depending on the atomic shell i 

(i = K, L, M, . . . shell) 

dK = 0.3 

dL = 4.15 

(2- 4) 

The excitation functions J. have been evaluated, using 
l. 

hydrogenic wavefunctions, for the K, L and·M-shells (WAS!, 

WAS2, WAS6, BI67, KM66, KH68). While JK probably is rea

sonably correct for all Z, it appears that JL i~-accept

able without modifications for Z > 30 only, and JM will 

have to be recalculated with more realistic wavefunctions. 

An appreciation of the difference between the two 

approximations, d9' and dcr, can be obtained from a study 

of a plot of versus w (Fig. 1). Further 

comments will ·be, made later at appropriate places (see also 

BI69). 

Generally, the Born approximation is valid for 

B ~> z/137 (protons with B = 1/137 have a kinetic energy 

of 25 keV). Some tests have been made for small particle 
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·velocities: for protons incident on helium, the Bethe-Born 

approximation is valid for energies above 450 keV (TH67), 

while for the vacuum ultraviolet emissiori of hydrogen gas, 

produced·by fast protons, it appears to be valid above 

150 keV (DD68). 

Almost 100 papers concerning atomic and molecular 

excitation by electron impact alone are listed in the 

"Bibliography of Atomic and Molecular Processes" for January 

to June of 1968. In particular, the following may be of 

interest: ES69, KY68, 0167, VS68. 

Measurements of the excitation of the inner shells 

with protons have been made: KP67, DK68; see KJ68 and ML58 

for further references. At low energies it is necessary 

to take into account the Coulomb deflection of the incident 

particle to get reasonable agreements with the Born· appro

ximation (BL69). Similar corrections are necessary for 

incident electrons. 
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3. STOPPING POWER FOR HEAVY CHARGED PARTICLES 

Since the stopping power of heavy charged particles 

depends largely on the velocity and the charge of the par

ticle, but not its mass (IS67), the discussion of this sec

ti6n applies to all heavy charged particles, with the 

exceptions specified in Sec. 6. The tables and data pre-

sented apply to protons and can be converted for other 

particles with the procedures described in Sec. 6. 

The meari energy loss per unit path length is called 

the stopping power S. It is defined by 

S = -dT/ds = I 

where the stopping number 

. 2 
W dcr = (2P/B ) I Bi 

i 

B. is defined by 
1 

B. - Joo J. W dW 
1 . 1 

I. 
1 

(3-1) 

(3-2) 

I. = W . is the ener. gy to lift an electron from the i-th 
1 m1n 

shell to the lowest unoccupied atomic level, and the integral 

includes a sum over the discrete atomic energy levels. 

For large velocities, Bethe (LD37) has ~~rived the asymp-

totic expression 

B .. ~ = E B~ = Z ln(2mv
2
/I ) 

· 1 · ave (3-2a) 

lave is defined in Eq. (S-1). BLand aL are shown in 

Fig. 2. The "shell corrections" a1'e defined by 

I C. ( n. , Z) = B' -I B. 
1 1 . 1 

(3-3) 

and are thus an integral part of the quantum mechanical 

theory. For higher order Born approximations they will 

presumably depend on the particle charge z. 
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If S is calculated using the free electron cross 

sections dcr' , an unphysical minimum energy 

E . = r
2
;2 mv

2 
has to be used as the lower limit of the m1n e 

integral to get approximately the correct stopping .power: 

2 

J
2mv 2 2 2 

(Z E/E ) dE = (2PZ/f3 ) ln(2mv /IE) (3-4) 

E . 
m1n 

This choice of E . 
m1n is necessary to take into account the 

increase of . J over J' at small energies W (see Fig .. 1) 

but it will not give exact agreement with the quantum 

mechanical theory. To achieve this, it is necessary to 

choose 

Ie = I exp (E C 1 ./~) ave 
( 3- 5) 

where Ie now of course is energy dependent. 

For the practical calculation of stopping power, the 

following, relativistically correct, formula is used: 

Stopping power in units MeV ~m 2 /g = keV cm
2

/mg, and z, 

f3, Z and A are defined with Eq. (2-1). 

p = density of stopping material 

c. = shell correction of the i~th shell 
1 

o = density correction at high energies 

rave = average excitation potential per electron of 

stopping atom (including low-velocity density 

effect), a constant by definition. 
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(3-7) 

s2 
and f(B) are listed in Table I as functions of the 

kinetic energy T of several partic~es. f(B) is appli

cable for any charged particle of velocity v = B c. and 

. mass M >> m .. If an ion of mass ·Mi and kinetic energy 

Ti is under consideration, its velocity can be found by 

looking up in Table I the value of B corresponding to a 

proton energy 

T = T./m 
· · 1 r (3-8) 

where 
. 2 

= Mic /938.259 MeV. 

The shell corrections can be obtained from Fig. 4, and 

!-values from Fig. 5. 

For most metals the density effect o is negligible 

for proton energies below 1000 MeV. For details see ST67, 

FA56 and p. 69 of BK58. Experimental confirmation is found, 

e~g., in NM67. 

At low energies (proton energies of less than 0.5 MeV, 

alpha particle energies below 2 MeV), the charged particle 

will not have its full charge (see Sec. 6). 

A list of values for S computed. (ref. BJ67) from 

Eq. (3-6) is. given in Table II. For emulsion, see BD63 

and BA63. For the other materials, the !-values given in 

Fig. 5 were used. The shell corrections are discussed 

in Sec. 5. The density effect is not used. 
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For proton energies of 0.05 to 12 MeV, the experimen

tal stopping powers for many substances are given in 

Table III. Most of these numbers are read from the graphs. 

of refs. WHS8, arid the tables of AH6~ and AS68. This seems 

the best way to average the experimental results, but see 

also MA68, OR68, WM67, JK68. The stopping cross section 

. v .2 
1n e em per atom can be obtained by multiplying S 

with the factor (A/N
0

) x 10
6 

(Avogadro's number N
0

, 

atomic weight A). 

For protons in other elements, interpolation for 

Z by the method of Lindhard and Scharff (LS53) can be 

used but direct computation from.Eq. (3-6) is recommended. 

(A discussion of experimental results is found in BK67). 

The stopping power of compounds is within a few per 

cent an additive function of the stopping power of the ele

ments. which make up the compound (Bragg rule, see, e.g., 

BI68 or BT68). Precise measurements at 300 M~V (TH52) have 

shown deviations of about 1 per cent from additivity. At 

energies between 4 and 30 MeV energy dependent deviations of 

up to 3% have been observed for Al 20
3

, Si0 2 and Lucite (TS67 

and BT68). At small energies, energy loss measurements 

(SZ65) have also ·shown deviations from the Bragg rule. 

For the approximation with an analytic function, the 

expression 

S = C Tct 

may be used over limited energy ranges; e:g• for protons 



10. 

with 5 < T < 20 MeV in Ge, C = 136.7 and a= -0.7313 

will be accurate to better than 0.4% (see BI68 for other 

values). If particles of initial energy· T are absorbed 

in a material of thickness s, the mean residual energy 

T
1 

of the particles can.be calculated directly: 

where 

T = (C Ty - s)l/y 
1 R 

-1 
CR = (C y) and y = 1 -a. 

If the stopping power is used, success~ve approximations 

have to be calculated. The computer program of BJ67 ,pro

duces the coefficients C, CR and a. 
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4. RANGE-ENERGY RELATIONS 

As long as fewer than about 4a% of the particles 

are removed from the incident beam by nuclear reactions, 

the median projected range Rm(T) · is defined as the thick: 

ness of material throuih which one-half of the incident 

monoenergetic charged particles of energy T are trans-

mitted (see p. 203 of ref. BI68). 

The mean range of monoenergetic particles of kinetic 

energy T is defined by 

R(T) = J f(R) R dR (4-1) 

where f(R) is the experimentally measured distribution. 

function (the "probability density" of the mathematicians) 

and can be determined quite readily in cloud or bubble 

chambers and in photographic emulsions (except for problems 

connected with the last bubble 6r grain). It is not a prac-

tical quantity for experiments in which the tracks of the 

particles cannot be followed. In particular, the mean 

projected range is difficult to determine experimentally 

because of the removal of particles from the beam due to 

nuclear reactions and multiple scattering. 

At energies higher than a few MeV, the number of par

ticles is sensibly reduced owing to nuclear reactions (ref. 

K064, BI60 and BA61), and appropriate corrections have to 

be applied (see Sec. 8D). 

The quantity related to R(T) which can be calcu-

lated from stopping power theory is the theoretical mean 
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range Rt(T) in the continuous slowing down approximation 

(csda): 

(4-2) 

In principle, T
1

· is the thermal energy of the particle. 

For small velocities the description of the stopping power 

. given in Sec. 6B can be used. If S is not known accurately 

at these energies, a more accurate result for Rt(T) may 

be obtained if T
1 

is chosen to be a higher energy 

(e:g., 1 MeV for protons) and an experimental value of 

R(T
1

) is added to the integral to take care of the low 

energy contribution to the range. For experimental measure

ments it will be necessary to consider the detector thres-

hold energy as the energy T
1 

(BM57 and HP60). 

A small difference betwe~n R(T) and Rt(T) is caused 

by th~ use of the csda approximation (LES2 and TT68). A 

simple relation exists. between the ranges for different 

particles. It is discussed in Sec. 6. 

Mean csda ranges for protons in several elements 

have been computed (ref. BJ67) ·by numerical integration of. 

the values of Tables II and III. They are listed in 

Table IV. Values for R(l MeV) are obtained from refs. BF60, 

MR67 and RYSS. For other elements, the method of ref. SU60 

can be used to obtain range-ener~y relations. For other 

particles (mesons or heavier ions) see Sec. 6. Extensive 

tabulations can be found in refs. JA66, BJ6~, BB67 and N067. 
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For high energies (£ > 1,000 MeV for protons) nuclear 

interactions absorb most of the particles and range becomes 

a rather meaningless term. 

While the -straggling in pathlength can be repre

~ented approximately by a_ gaussian (see Sec. 7), the asym

metry of multiple scattering (the zig-zag path taken by a 

particle can only be longer than the foil thickness, see 

Sec. 8), and the residual skewness of the electron-loss 

straggling cause an asymmetry in the range straggling. The 

median range therefore, is different from the mean range. 

The total median range Rm (T) (equal to the . foi 1 

thickness), neglecting the straggling asymmetries, can be 

obtained from the computed mean pathlength Rt(T} by the 

application of the multiple-scattering correction ~R: 

The relative correction of ~R/R for several_elements is 

plotted in Fig. 3. Further discussion is given in refs. 

BU60, BF61, BZ67 and TB68. No discussion of the relation 

of mean and median range seems to be available (see Sec. 7). 
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5. SHELL CORRECTIONS AND I-VALUES 

In principle, the stopping power S can be calcu

lated theoretically using atomic collision cross sections 

[Eq. (3-1)]. At present, no complete sets of cross sec

tions for all sh~lls ~re available, ~n~ the expression 

aq. (3-6) is used for th~ calculation of S. The unknown 

functions BK, BL, .•. are then replaced by one unknown con-

stant, ·I;Iave' and the unknown functions C. , which are 
1 

important only at small energies. If extensive experimen-

tal data are available, the shell corrections C/Z = E C./Z 
1 

can be determined experimentally (AN69), together with the 

.I-value. Usually, experimental uncertainties and limited 

coverage in energy do not permit this approach. In a modi

fication of an earlier approach (BI61), it is·suggested now, 

that, for 8 :s: z~,:s: 25, Walske 's shell corrections (WA52, 

WA56, BI67, KH68) be used in modified form: 

(5-1) 

with parameters H, V and I determined in a least squares 

fit to experimental data. Similarly, for Z :s: 8, C/Z = V CK(H~ 2 J. 

For Z ~ 25, Bonderup's shell corrections CB (B067) are used, 

also in a modified form: 

(5-2) 

Good fits to experimental data for protons and deuterons are 

obtained as long as CB_ ~ 0. Values for H, V and I may be 

found in BJ67. Typically, for Z ~ 47, H = 0.755, V = 0.68 

and IAg = 476 eV, IAu = 780 eV. For Z = 29, H = 0.55, 

V = 0.61 and Icu = 319.5 eV. These fits include effects due 
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to the higher Born approximations and are therefore- only 

valid for particles of charge +e. 

It was found thai the least squares fits do not show 

singular and distinct minima. For experimental data covering 

a limited energy range, different local minima will give 

. almost the same x2 . This is fairly-obvious from [Eq. (3-6)]: 

for a limited velocity range, an increase in I ca~ be 

almost entirely compensated by a decrease in the shell correc-

tions. 

Values of C/Z for protons and deuterons adopted in 

this paper are_ given in Fig. 4. 

While !-values are properly defined by: 

ln lave (5-3) 

(DT68), only a few values for light elements have been cal

cul•t~d with this expression (BE66, WH33). They are not as 

accurate a~ the experim~ntal values. The quotient k z I/Z 

is expected to be a constant if I is evaluated usi~g the 

Thomas-Fermi model (BL33). Fig. 5 shows a plot of the best 

available values of k. Both the rise of k for 20 ~ Z ~ 30 

and the oscillation for even and odd values are unex~ected. 

The interpolation schemes suggested in the past (DT68) cannot 

be considered reliable, and further measurements appear to be 

very desirable. 
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6. MISCELLANEOUS EFFECTS 

A difference in the ranges of positive and negative 

mesons has been observed (BD63, HL69). Similarly, Andersen, 

Simonsen and S¢rensen (AS69) found a.difference between the 

stopping power of particles o! charge one (p,d) and of 

3 4 . 
charge two (He , He). This difference presumably is caused 

by effects due to higher Born approximations. In the fuither 

discussions of this section, these effects ~re implicitly 

included in the definition of z~. 

The first Born.approximation used iri ~he derivation 

of the collision cross sections, Eq. (2-2), is valid for 

B>>B 1 = z/137. For particles with B<B 1 , atom-atom colli

sions will contribute increasingly to the stopping process; 

and an approach based on the use of the Thomas-Fermi model 

of both the incident ions (with an effective charge z*e~ze) 

and the absorber atoms has been ·ftuitful (see Sec. 6B). 

The stopping power SM for any particle of mass .M, 

nuclear charge ze (values for different particles are 

. given in Table V) and kinetic RnArgy T can be calcul~t~J 

from the proton stopping power with: 

(6-1) 

where T = T/mr and z* is discussed in Sec. 6A. Similarly, 

a simple relation exists between the range RM of the par

ticle and the range Rp of a proton: 
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where 
2 . 

mr =Me /938.259 MeV, and the second term is called 

the range extension caused by the reduced charge z*. Cz 

is a universal function for any ion in a specific substance. 

·For emulsion, Cz is found in Fig. 5 of ref. HP60 and it 

is defined for any substance in Eq. (7) of ref. HP6n (see 

BB67 for data). Another approach can be used: Use 

Eq. (6-2) to find the range difference RM(T) - RM(T_1) and 

add RM(T
1

) as' defined in Sec. 6B to find R(T). 

In general, a numerical calculation for a specific 

case, using Eq. (3-6) with appropriate effective charge z* 

will be preferable to the use of Eq. (6-2). 

Examples 

1. The mean range of 20 MeV muons (mr = 0.1126 

from Table V) in A~ is: 

RP(20 MeV) = 0~1126xRP(l77.6 MeV) = 0.1126x27.15 
-2 = 3.057 gem 

2. The mean range of 50 MeV alphas (mr = 3.97l6) in 

copper is: 

R (SO MeV) = (3.9726/4)xR (12.602 MeV) a . p 
-2 

= 0.3219 gem 

where is obtained from Table IV and Cz has been 

neglected. An extensive discussion for heavy ions is. given 

in N067, with many. graphs for different incident parti~ 

cles. 
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6A. Charge State Correction 

For velocities S < Bi = 0.04 z
213 

it is observed 

that the nuclear charge ze is not fully effective. A 

reduced effective charge z*e is used in Eq. (3-6) instead 

of the nuclear charge ze (R060, N06 7, HP60) . If . z* · is 

defined to give the corr~ct observed stopping pow~r, ~t is 

not equal to the mean charge per particle of a beam leaving 

an absoiber (PB68, BG65). With an a~curacy of about 5%, 

z* can be obtained from 

z*/z = 1 - exp(-1.316x + 0.1112x
2 

- 0.0650x
3

) (6- 3) 

where X = 100 S/z 2/ 3 . This expression is valid for 

x > 0.27. In gases, the values are several percent smaller 

(RS60). It should be noted that the approach described in 

the next section overlaps the range of validity of Eq. (6-3). 

For ions with 21 ~ z ~ 39, Hvelplund and Fastrup (HV68) 

have fo~nd a periodic dependenc~ of the stopping cross sec-

tion on z for a carbon absorber. Similar e~fects were 

foundin WI68 and HA68. Fractional charges for carbori 

absorbers in CC67 agree with Eq. (6-3) to better than 5% 

for most ions. The fluctuations for different absorbers 

found in their Table III could be due to shell corrections. 

When available, experimental data should be used. 

Recent papers include: 

Br and I ions in Be,· C, Al, Ag, Au MB66 

016 ions in Ag, Au; s32 ions in Au AH68 

32 C135 Br79 Il27 ions in Mylar PB68 s , 
' 

, 

0 and Cl ions in c, Al, Ni, Ag, Au BG65 

I127 ions in C, Al, Ni, Ag, Au, UF
4 

BN67 



C, N. 0, F, Ne in Be, C 

21 :s: z :s: 39 in C 

CB68 

HV68 

19. 

Interesting results for charge state populations (r
127 in 

· gas and solid) have been found by Moak et al. (ML68). Many 

references to earlier work are included. 

6B. Very Low Ve1ocity Particles 

2/3 . . 
At low velbcities, S_~ s

1 
= z /137, ions will 

carry a reduced charge, and for S<<S 
0 

= 1/137 = 0.0073, 

th~y will be neutral. The collisions then will be between 

neutral atoms, and are commonly called "nuclear collisio·ns" 

(LS63, OH63). Even for this case, energy loss to atomic 

electrons is still possible (LS63). From a Thomas-Fermi 

description of the atoms, it is expected that the following 

dimensionless parameters should result in universal range~ 

energy curves; 

Energy 

Range 

where 

e: = 32.53 

p = 1.660 

Ml = Atomic 

M2 = Atomic 

z = Atomic 
called 

. 
z = Atomic 

called 

l; ... 1.2/3 + 

x T(keV) M
2

/[zZ(M
1 

+ M 2 )~] · (6-4) 

5 -2 2 
.x 10 x R(mgcm ) M

1
/[(M

1 
+ M

2
) t] (6-5) 

mass of incident particle 

mass of absorber material 

number of incident particle (usually 
Zl) 

number of absorber material (usually 
z2) 

z213 
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It is found that the stopping power consists of contribu

tions by electronic and nuclear stopping: 

(6-6) 

From (LS63): 

( 6- 7) 

where 

k = 0.0793 x ~eiZZ (Ml + Mz)3/2/[(z2/3 + z2/3)3/4Ml3/2M21/2] 

( 6- 8) 

and ~e is approximately given by z
116

. This formula is 

valid for E < 1000. 

The nuclear collision stopping power depends on the 

ion-atom potential (discussed e:g., in NV66, KE68, LS63,. 

LN68). From Table I of SC66, the following analytic form 

has been derived (similar to an .expression given in BS68) 

( dE) 0~5455 ln(E)/(E(l-0.9988 X E- 1 · 5391 )j ap: n = (6-9) 

and 

(6-10) 

.SHin keV/mg cm-
2

. 

It is seen that (dE/dp) is a universal function of E, 
n 

while Se' through k, depends on zZ. It is therefore 

only possible to produce a universal range curve 

p(E) = JE d~ 1 /(d~'/dp)n for the nuclear collisions, and 
0 

if the electronic collisions are of importance, different 

range curves will be obtained for different values of k. 
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D1fferent quantities have been defined to describe 

the path taken by the particle: Linear Range (total path

length), Vector Range (veetor distance from point of inci

dence to stopping point), and Projected Range (projection 

of vector range onto direction of incidence). A particle 

will experience only fciw collisions, e~g., for T = 12 keY 

argon atoms in a.germanium absorber, the mean collision 

number is rv6 (KE68). Both statistical and.cont~nuous 

methods have been used to calculate mean ranges. 

For M
1 

~ M2 , the ratio of mean projected range 

~ and linear range 
.P 

R is approximately · R/RP rv 1 + M
2

/3M
1 

(LS63, MS65). A modification of this procedure is suggested 

in MS65, giving a better agreement with experiment for 

£ < 1. 

Using Eqs. (4-2) and (6-~0), range-energy curves 

ha~e been calctilated (SC66) for differeni values of k, 

and are plotted in Fig. 6. In. general, the agreement 

between theory and experiment is satisfactory, with accura-

cies of about 20%: AG68, BL68, BS68, CA68, JD67, LS67. 

The use of logarithmic scales in the plots of experimental 

data. tends to hide the differences. Usually, the value of 

k in Eq. (6-7) is considered an adjustable parameter; and 

better agreement with the theory can then be achieved 

(e~g., CS68, CB68). 

Moak and Brown (MB66) and ·Kahn and Forgue (KF67~ 

have found deviations from the IE behavior predicted by 
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Eq .. (6-7) for E ~ 200. The deviations in k for light 

elements are not unexpected: the Thomas-Fermi model may 

not give a. good approximation for Z < 20. 

At higher values of E (say E > 300), the approach 

presented here overlaps with the ~ethe theory using effec

tive charges (Sec. 6A) .and experimental data have to be 

consulted to find the more reliable approach. 

6C. Small Volumes 

The energy losses discussed in Sec. 3 are as experi

enced by the charged particles and are not directly related 

to the energy. gaine~ by the absorber material (see the 

discussion of LET in Sec. 9). 

Examples 

a) In a thin silicon detector of the transmission 

. type, in a vacuum, some 6-rays will leave the 

back surface of the detector, reducing the 

observed energy loss slightly (for 40 MeV 

protons in a 200 llm detector; the reductl.o:ri 

amounts to no more than 0.5%). 

b) In very small volumes (diameter of 1 llm or 

2 
less of a material of density· p = 1 g/cm , 

corresponding to the size of living cells), the 

energy lost by a particle of·moderate or large 

energy is quite uncorrelated to the energy 
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absorbed in the volume. Since the behavior of 

low energy electrons is not well known (energies · 

of less than 1 keV), and sine~ the collision 

cross sections are not known for low Z materials, 

calculations are extremely unreliable at present. 

6D. Channeling 

In single crystals it is observed. that energy loss 

depends on the direction of the particle path with respect 

to the crystal axes. A detailed discussion of various 

aspects of the problem is given by Lindhard (LI65). Other 

calculations are available in. several of the experimental 

papers mentioned below and in BR68. 

If particles travel parallel to a major axis of the 

lattice, some can move "in between" the atoms, reducing the 

number of collisions with small impact parameters (energy 

loss and ·strag~ling wotild then both be reduced, see AE67, DM69) 

while others would move close to nuclear positions, increas

ing the effects. For a well collimated beam with small 

multiple scattering, a fraction of the beam may keep away 

from atoms for long distances. 

A number of experiments have recently been published: 

an especially instructive diagram is_ given in RS67, a study 

of 3-11 MeV protons in Si and Ge is of interest for the 

use of solid state detectors: AE67. Other studies are 

described in DW68, DM69, ER67, R069, SV68. 
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7. STRAGGLING OF HEAVY PARTICLES 

Particles, in passing through an absorber of thick

ness s, experience a random number of collisions with a 

wide range of possible energy transfers. The energy losses 

6 of a monoenergetic beam of particles thus will fluctuate 

("Straggling") about the mean energy loss t; = s S. The 

straggling distribution function f(6) depends on the 

velocity v = S c of the incident particle, on S and Z/A 

of the material. For large thicknesses, f(6) approaches a 

gaussian shape. 

7A. Thin Absorbers 

Landau (LA44), Symon (SY48), Vavilov (VAS?), Shulek, 

et. al. (SG67) and many others have discussed straggling in 

thin absorbers. Extensive tabulations are available for 

th~ V~vilov di~tribution (SB67), based on calculations 

using the free electron collision spectrum [Eq. (2-1)]. 

A comparison of experimental data (e.g., K068, MR68, 
I . 

AL69) with the theory can be based on th~ use of the moments 

of the distribution function. The central moments Cn are 

defined by: 

.n = 0,1,2,3, ... (7-1) 

and f(6) must be normalized, i.e. 

Obviously c
1 

; 0. 
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The theoretical quantities Kn (the "cumulants" of statis

tical theory, FA53) related to these moments, calculated 

with the Vavilov approach, are_ given by (s in_ gr cm-
2

) 

K' = 
·n 

2 
0.1535 Zz 

13 
2 

A 

n-1 
s Emax 
n - 1 

2 n 
[1-13 (n-1)/n] (MeV) 

where Emax ~ 2 mc
2 

13
2

/(1-13
2

) = 1.022 13
2

/(1-13
2

) 

In particular (e_.g., B048): 

For n = 2, 3 

n = 4 

C = K 
n n 

2 c
4 

= K4 + 3 c2 · etc. 

(7-2) 

(7-3) 

(744) 

The standard deviation a = ~ of a straggling 

distribution thus is quite insensitive to the· incident 

particle energy. Except for a gaussian, there is no simple 

relation between the "width at half maximum" and cr. For 

pr~ctical applications, it will be best to calculate moments 

by numerical integration from experimental data, and com

pare them w.iLh ~<-n· For the actual functions, ref. SRfi7 

should be consulted. For applications in thin silicon 

detectors, see Fig. 7. 

The Vavilov function will be an approximation due to 

the use of the free electron collision cross section. No 

complete quantum mechanical calculations are available. An 

estimate of the deviations to be expected can be obtained 

from a comparison of moments M = f wn J dW using 
n . and 

J
1

. Some of these ratios are given for J
1 

in Figs. 8 and 

9 (BI69). Fnr example, for protons in silicon, the maximum 
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deviation in M
2 

is expected to occur at n
1 

= 1.6, corre

sponding to a kinetic energy T ~ 3.5 MeV. The correction 

by Shulek et al. (SG67) takes into account only M
2 

and 

therefore cannot be expected to be reliable. It is also 

much too large for small velocities. Experiments by 

Nielsen for several elements (NI61, Fig. 7) indicate devi-

ations of the second moment amounting to no more th~n 20% 
I I 

from K
2 

= s M
2 

while Shulek et al. indicate deviations 

of up to 100%. 

7B. Thick Absorbers 

An extensive discussion for large energy losses is 

given by Symon (SY48) and by Tschallr (TS67, TS68, TT68). 

For moderate energy losses, Tschallr's results for heavy 

particles of initial kinetic energy T and residual mean 

energy· T
1 

can be approximated by the following expression 

for the se~ond moment (accurate to about 2%)~ 

I 

c2 = K2Q 

where Q = (T/T }1/3 for B/2~2.3 and T
1

/T>0.4 . 1 

= 0.99 (T/Tl)l/2 B/2~3.5 T
1

/T>0.4 

= 0.985 (T/Tl)2/3 B/2~6.9 T
1

/T>0.6 

where B is the stopping number, Eq. (3-3), and 
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For larger energy iosses, TS68 should be consulted. For 

the asymmetry of the curves, the third moment should be 

studied. Tschalar uses the skewness parameter 

Y3 = c3;c 2
3

/
2 

for this purpose. From his results it is 

·found, that the expression for thin absorbers: 

, I - . I I 3/2 
Y3 - K 3 /C~ 2 ) is accurate to a few percent 

for B/2~2.3 and T
1
/T>0.5 and for B/Z~6 and 

Ti/T>0.7. It may be noted that the distribution functions 

for the cases discussed above are approximately given by 

-2 
the. Vavilov functions for the value Kv = 0.25 y 3 of 

·the Vavilov parameter K = ~IE (SB67) v .~ max · · 

For the ranges R of particles with a mean value ~ 

the second central mo·ment, also called the "me~n square 

fluctuation" 
2 

(J is defined by 

2 2 -2 
cr = <R > - R (7-5) 

The distribution f(R) is usually approximated by a gaussian: 

f(R) s::1 
1 

(7-6) 
(J v'Z'iT 

and the probability p of finding.a particle with range 

between R and R + dR is pdR = f(R)dR. The deviations 

from a. gaussian are small, but not negligible. They are 

discussed in LE52 and TT68. Their influence on the Bragg 

turve has not been studied y~t. 

The ratio of cr to the total mean range R is 

. given in Fig.rlP for protons in several elements. For 
. ."-
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other particles of· mass M, the value can be calculated 

from: 

( 7- 7) 

Estimates for the quantum mechanical corrections have been 

incorporated in the calculations for Fig. 10. The values 

of 
a R .are considerably smaller than the values calculated 

by Sternheimer (ST60), but they are still slightly larger 

than experimental values (BU60), which were evaluated 

n~glecting the skewness nf the range straggling curves. 

The observed straggling in range-energy measurements is 

composed of the energy loss straggling,. and an addi tiona! 

asymmetric contribution caused by the multiple scattering 

·process (BU60, BI60). 



8. COULOMB AND MULTIPLE SCATTERING, 

AND NUCLEAR INTERACTIONS 

· 8A. Coulomb Scattering 

29. 

The differential cross section for Coulomb scatter-

ing of a charged particle of kinetic energy T (in MeV), 

momentum p, velocity v and charge ze by a nucleus of 

charge Ze and mass number A into the solid angle 

2rr sin 8 d8 

d<P(8) 

is given by the Rutherford formula: 

= 2rre
4

z
2

Z(Z + 1) 

4p
2 

v
2 

sin
4

(e/2) 

~ 0.814 z
2

Z(Z + 1) 

T2 

sin 8 d8 

sin 8 d8 x· 10 -26 cm2 

sin
4

(8/2) 
(8-1) 

where 8 is the angle of scattering from the incident 

ditection. The above formula assumes that the mass of the 

incident particle is negligible compared with the mass of 

the nucleus. 

Deviations from the Rutherford formula will occur 

at large angles as the particles begin to feel the influ-

ence of nuclear forces. An estimate of·the minimum energy 

Tm for which a deviation can be expected at 8 = 180° 

can be obtained from 

T = . z Z I (~A + 3 ) MeV 
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A detailed discussion is found in EP61 and JA68. At small 

angles, the cross section will be smaller than. given by 

Eq. (8~1) because the atomic electrons will shield the 

nuclear charge. The Rutherford cross section is reduced 

by 10% at an angle eq. given by (from M047): 

eq = e
0 
-y~l. 7 + 421 a

2 
and by SO% at 

where 
0.244 h 

eo = pc (MeV) 

and (l = z z 
!TIS 

For large kinetic energies, 

(8-3) 

Example: 10 MeV. alpha particles in Au: from Table I, 

B = 0.073, a = 15.8. 

degrees. Finally, 

e = l.OS/174,6oo = 3.84 x 10- 3 
·0 

-3 
eq = 3.84 x 10 161.7 + 105 7 000 = 1.25°. 

This reduction is of great importance in the derivation of 

the multiple scattering formulas~ 

8B. Multiple Scattering in Thin Absorbers 

Multiple Coulomb scattering in thin foils will cause 

a parallel beam of particles to spread· out into a cone. 

Recent discussions are found in HF68, SC63 and GD68. 
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Moliere's theory (M048, BES3 and MOSS) is a small-angle 

approximation to the general problem (BRS9, NS61 and TMS9) 

which is in ~greement with experimental results, with the 

possible exception of electrons in heavy elements and also 

possibly at small energies ( s 2 
< 2 x 10- 3). 

The characteristic quantity occurring in the theory 

is the angle e defined by e = el rB 
0 ' 0 

where , 

2 Z(Z + 1) z 
2 

el = 0.1S7 s 
A (pv) 2 

(8-4) 

e . 
1 is in radians; s is the foil thickness in g cm- 2 

p the momentum, and v the velocity of the particle 

(pvin MeV) ; z, z and A have the same meaning as ln 

Sec. 2. B is defined in ref. M048; for practical pur

poses it can be obtained from ref. MZ67 or from Table VI 

for particles with charge 1 with an accuracy of better than 

s per cent. A few values are listed for z > 1. It is not 

obvious whether z* or z should be used for a computation 

of the multiple scattering of heavy ions. The use of z* 

is suggested. For z > 6 and Z > SO , all values B(S,z) 

are larger than .0.98 x B(S=O, z=l), and for z > 6 

and z > 20 , all values B(S,z) ~ 0.9S x B(s~o, z=l). 

Moliere's theory modified by Nigam et al. (NS61) 

gives the distribution £unction F(x)dx for the relative 

number of particles entering a cone of angle X and width 

dx .. The reduced angle X is defined by 
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An extensive discussion of the problem is given in (MZ67). 

Table VII giving F(x) .is obtained from (MZ67). 

Also of interest is the relative number N/N
0 

of 

particles entering a cone of half angle a: 

N 
= 

No 
f(x) x dx (8-5) 

Values are given in Table VIII. For experimental tests of 

the theory, see BIS8, MOSS, 1067, BN66. 

Example 

2-MeV protons penetrating 3 mg em 
~ 

of Ni foil. 

The average energy in the foil is 1.87 MeV. 

S
2 ~ 3.96 x 10-

3 
from Table I, B ~ 7.7 from 

e 2 = -4 -2 Table VI. 1 4.72 x 10 , 8
0 

= 6.03 x 10 rad 

= 3.46 deg. Thus, inside a cone of half angle 

7 deg, all but about 6.3% of the proto~s will be 

found (see Table VIII). 

Caution has to be used for the case of the incident 

particle of mass approximately equal to or larger than the 

mass of the scattering nucleus. In this case a considerable 

fraction of the energy can be lost to the recoil nucleus. 

This effect is, of course, not included in the fundamental 

energy-loss formula, Eq. (3-6). 
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BC. Multiple Scattering in Thick Absorbers 

For thick absorbers, the mean energy correction due to 

multiple scattering has been calculated in TB68 for energy 

losses between 0.5 T and 0~1 T, for 10 < T < 140 MeV, for 

detector angles between 0.005 rad .and 0.5 rad for protons 

in Al, Ag, and Au. 

The multiple scattering correction for median ranges 

has been discussed in Section 3. 

BD. Nuclear Interactions 

. Heavy charged particles will be removed from beams by 

nuclear interactions: the beam intensity will be attenuated 

·exponentially 

-sE 
I = I e 

0 
(8-6) 

where· I is the flux density, and E is the macroscopic 

cross section E = crt n (crt total microscopic cross section, 

3 
n =number of nnc:lP.i per em). For estimates, 

E = 0.32/A113 cm2/gm may be used (A= atomic numb~r of 

absorber). 



34. 

9. ELECTRONS 

While electrons in passing through matter will experi

ence interactions similar to heavy-particle interactions, -two 

basic differences are manifest: 

a) In the collisions with atomic electrons; large 

energy losses can occur; and 

b) Electrons with energies of only a few hundred kilo

electron volts will show relativistic effects. 

An extensive review of the theory is found in (BIS8), 

and extensive tabulations are contained in (BS67). The 

derivation of the stopping power formula is similar to the 

heavy particle case. It will be assumed that after a colli

sion by a negative electron, the electron with the higher 

velocity will be considered the primary. The mean collision 

loss in MeV cm
2
/g is given by "(BS67): 

dT ±_ 
-_(prs} 

col 

where for electrons 6 = 1/2 T and 

F = -1 -8
2 

+ ln[(T - 6)6] + [T/(T - 6)] 

+ !6
2 

+ (2T + l)lJi[l - (6/T)] 

(T + 1)
2 

and for positrons 6 = T and 

(9-1) 

(9- 2) 

2 
F+ :·ln(T6) - TS[T + 6- (S/ 4) 6 

(T + 2) 
+ 

(T + l)(T + 3) 6- (1/3)6
3 

(t + 2) 
2 

(T + l)(T + 3)(1/4)6
4

- (T/3)6
3 

+ (1/4)6
4
1 

(T + 2) 
(9- 3) 



35. 

Here T = (T/mc
2
), o is the density correction, and 

~· is the maximum energy. given to o rays, mc
2 = 511004 eV, 

2 
divided by me . The other symbols here have the same mean-

ing as in Eq. (3-6). In particular, the same !-values are 

used as for the heavier particles. 

The shell corrections are not included, because their 

contribution above 0.1 MeV amounts to less than 1 per cent. 

If desired, .the shell corrections discussed above (Fig. 4) 

can be used to correct stopping power values obtained from 

Eq. (9-1). The differences between electrons and positr9ns 

have been studied by Rohrlich and Carlson (RC54). 

The energy loss due to bremsstrahlung is ·important for 

electrons at relatively small energies. An estimate of the 

ratio r of the bremsstrahlung energy loss to (dT/ds)coll 

is.given by 

r- T(Z + 1.2)/700 (T in MeV) (9- 4) 

at Tc - 700/(Z + 1. 2) MeV the two energy losses are equal. 

An important quantity is associated with the traversal of 

matter by electrons of energies above T· 
c' 

this is the dis-

tance X
0 

in which an electron's energy is reduced to 

1/e = 0.3679 of its original value. X
0 

is called the 

"radiation length" and is. given in Table IX together with 
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more accurate values of Tc. Recent experimental results 

are found in DR68. 

9A. Restricted Stopping Power (LET). 

Secondary radiation (a-rays or bremsstrahlung photons) 

may travel quite far from the track of a particle. An esti

mate of.the energy deposited inside of a small cylinder around 

a track can be obtained by setting the quantity ~ in 

Eq. (9-1) equal to the energy of a-rays capable of escaping 

from the volume of interest. ~eavy particles produce rela-

tively few a-rays of high energy (see Eq. 2-1) and the dif

ference between LET and dT/ds is relatively small for 

energies below Mc
2 

(see Sec. 6C, though). 

9B. · Practical Considerations for Stopping Power 

Computed values of the· electron stopping power are 

. given for some elements in Fig. 11. Extensive tables are 

found in (BS67). For T < 5 MeV, -1/4 
(dT/p ds)coll ~ Z . 

This factor should be used for interpolation in Fig. 11.· 

Straggling (discussed in detail in KM61) is much 

larger for electrons than for heavier particles (see, e~g., 

Fig. 12 in BI68 or Fig. 2 in BR64). The width at half maxi

mum of a straggling distribution may amount to more than 

SO% of the mean energy loss. Multiple (VV68) and back 

scattering contribute to the problem. Comparison of mean 
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energy losses calculated from Eq. (9-1) with experimental 

data (e.g., HU57, HA59, HR68) can be expected to be accurate 

to better than 10% only if a detailed study of straggling 

etc., has been made. A comparison of experiment and theory 

for 1 and 2 MeV electrons in silicon is found in SI67. 

9C. Electron Ranges and Energy Deposition in Thick,Absorbers 

For electrons traversing thick absorbers, lateral and 

backscattering will be very important and electron distri-

bution functions will extend over wide ranges in space, 

angle and energy. A general treatment is found in BE63, 

KK68, R068, SP55 and SP54. Practical results for many sub

stances are given in SP59, KE66, BS67, LP57 and PE62 and 

KK68. Detailed investigations have been performed for 5 to 

30 keV electrons (CT65), and fo~ 40 to 160 keV electrons 

(GP59). For higher energies, see, e~g., BH58 .. Electron 

ranges c~l~ulated by the use of Eq. (4-2) do not have a sim

ple relation to any observed quantity: see Table X. 

The practical range-energy relation for electrons is 

not strongly d,ependen t on the atomic number of the stopping 

material. Only that for aluminum is given. Monoenergetic 

electrons are absorbed as indicated in Fig. 12 which serves 

to define the "practical range" Rp and the "maximum range" 

R
0

. The practical range, in aluminum is. given by 

R = 0.537 T [1 - 0.9815/(1 + 0.003123 T)] 
p . 

(9- 5) 
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in keV, for the energy range 

0.3 keV ~ T ~ 20 MeV, with an •ccuracy of about ± 6% (KK68). 

·A graph of this relation is_ given in Fig. 13. 

The formulas_ given above for monoenergetic electrons 

can be used for continuous beia-ray spectra where Rp and 

T
0 

refer to the maximum beta-ray range and energy, respect 

ively. For a discussion of the methods of determining the 

range from an abs~rption curve, see KPS2. 

For practical applications in which information on 

electron range and energy deposition is required, it appears 

best to use Spencer's calculations (SPS9, see also BI68}, 

but some information is found also in KK68. 

Unlike the case for heavy charged particles, determi-

nation of electron energies from transmission measurements is 

not accurate enough for most applications. Energies can be 

determined much more accurately ·by measurements with cali

brated scintillation or solid state detectors. 
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10. MEAN ENERGY FOR THE FORMATION OF AN ION PAIR 

lOA. Gases 

The energy loss w of a charged particle per ion pair 

formed in the material traversed is nearly. independent of 

the energy and type of particle for velocities e2 
> 10-

4 
z 

as can be seen in Table XI. For further values see,MY68. 

From the measurements of Phipps, Boring and Lowry 

(PB64), the following approximate velocity dependence of w 

has been derived for ions with A < 40 

w = o.119;e (eV) for e s; 0.0043 

For more accurate values, PB64, BS65 and LH65 should be 

consulted. For 206 Pb ions with T = 103 keY, measurements 

have been made by Cano (CA68) .. 

Mixtures of gases do not follow a simple additivity 

ruie tor the value of w (MY68, BH54). A large drop in w 

of argon f6r small concentrations of c2H4 has been observed. 

For further details, see MY68. Ionization fluctuations and 

the resolution of ionization chambers is discussed exten-

sively in AK67. 

lOB. Solids 

A recent discussion of the response of Nai(Tl) ·to 

heavy ions is found in KA68, with references to earlier 

work. 
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The ionization in silicon and germanium has been 

studied extensively (see almost any issue of "IEEE Trans-

actions on Nuclear Science"). The average energy £ for 

the_ generation of an electron-hole pair is much smaller 

than for gases. For Si, £ ~ 3.6 ·eV, forGe, £ ~ 2.96 eV. 

For silicon, the following effects have been observed: 

a) For low energy electrons (produced with y-rays), 

pulseheights, after correction for charge collec

tion efficiency, are proportional to energy 

within 0.2% (ZM69). 

b) For a change in temperature from 300 K to 

90 K, an increase of 4% in £ has been 

observed (PG68) . 

c) £ is about one percent smaller for alpha par

ticles than for elec~rons (PG68). 

d) For heavy ions, £ is energy dependent at 

small energies (BB63, FK67, FS69, KA67, RB69, 

SAnS). Fnr Tm >> fi M (keV) 

mass of ion), the energy 
I 

T 
m 

(M = atomic 

calculated from a 

measured ionization pulse should be increased 

by an amount 6 T ~ 4 M (keV)_, the "ionization 

defect'.'. 

The ionization defect (FS69) is for: 

protons 1-2 keV 

alpha particles 8-12 keV 
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Somewhat different results have been given in RB69. 

Similar results have been obtained for germanium detectors 

(DB67, PR69). Several factors determine the resolution of 

solid state detectors (BL67, AN67, T~67); some of the more 

important: 

a) Electronic noise and drift of amplifier system 

b) Balli~tic deficit 

~) Pulse -~ile up 

d) Recombination and trapping 

e) Channeling (see Sec. 7). 

f) Absorption in surface layers 

. g) Statistics of the number N of electron-hole 

pairs produced. 

Fane (FA47) has shown that the standard deviation of the 

mean numb.er N is: /:::,. N
2 = < (N -N) 2> = F N where 

F S; 1.. Bilger (BL67) found F = 0.13 for germanium. 

Alkazov et al. (AK67) obtained F ~ 0.1 for silicon. The 

problem is also discussed in DF67~ 

Energy loss tables for p,d, t, He
3

, He
4 

and Li
6 

with 

data useful for particle identifier systems are given in 

BT67 and SK67. Information about the straggling in thin 

silicon detectors is given in Fig. 7. 
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2e80 llel2'33 e4165 ,3153 1e5250 .077084 e005942 a. 7116 

2.90 lle5205 ,4314 ,3266 1o5794 e078442 o006153 8e7465 

3e00 11.9178 .4463 ,3378 1e6339 e079776 e006364 8e7803 

3e10 .12. 3151 ,4612 ,3491 1e6884 ,081089 .006575 8,8129 

3•20 12.7123 ,4760 ,3604 le7428 ,082380 o006786 8e8445 

3e30 13.1096 .4909 ,3716 1e7973 e083650 .006997 8e8751 

3•40 1~.5068 e5058 ,38~9 1e8517 .084901 e007208 8e9048 

3e50 1~.9041 e5207 ,3941 1.9062 ,086134 e007419 8e93,6· 

3.60 14.3014 e5356 ,4054 1e9607 e087~49 o007630 8e9616 

3t70 14.6986 .5504 .4167 ?.nPn e08A?47 ,on7A41 8eQI3f49 

3e80 15o0959 e5653 ,4279 2.0696 .08~728 e008051 9e01!14 

3e90 15.4931 .5802 ,4392 2e1241 ,090894 e008262 9e0412 

4e00 15.8904 ,5951 ,4505. 2.1785 o092045 e008472 ,9e06f>4 

4e10 16.2877 .6099 ,4617 2e2330 e093181 e008683 9~0909 

4e20 16.6849 e6248 ,4730 2e2874 .094303 e008893 9el148 
4e30 17.0822 ,6397 ,4842 2e3419 .095411 e009103 9e1382 

4e40 17'.4794 ,6546 ,4955 2e3964 ,096507 e009314 9e1610 

4eSO 17 .. 8767 ,;6694 .5068 2.4508 .• 097589 e009524 9el834 

4e60 18.2740 .6843 .5180 2e5053 ,098660 e009734 9e2052 

4e70 18.6712 ,6992 ,5293 2e5598 ,099718 .009944 9e2265 

4e80 19,0685 .7141 ,5405 2e6142 el00766 ,(')101!)4 9e2474 

4e90 19.4657 .7289 ,5518 2e6687 ,101802 .010364 9,2679 

5eOO 19.8630 .7438 ,5631 2.7232 ,102827 .010573 9e2979 

5e50 21.8493 ,8182 ,6194 2e9955 .107803 .011622 9,3825 

6.oo 23.8'356 e8926 ,6757 3e2678 ·112552 .o 12668 9e4687 

6e50 25.8219 .9670 • 7320 3.5401 .117102 e013713 9e54PO 

7,00 27.8082 1.0414 ,7883 3e8124 .121474 .014756 9,6213 

7.50 29.7945 1,1157 ,8446 4e0847 .125688 .015797 9,6895 

e.oo 31.7808 1.1901 ,9009 4e3570 el29758 e016837 9,7533 

9,50 33.7671 le2645 ,9572 4e6294 .133699 e011875 9e8131 

9.00 35.7534 1.338'9 1e0135 4e9017 el37521 e018912 9e8695 

9.50 37.7397 1.4133 1,0698 5e1740 .141233 e019947 9,92?.8 



55. 

Table I (continued) 

K i n e t i c En e r g·y T for 
Protons Alphas Pions Muons Electrons' e e2 f(fl) 

(MeV) (MeV) (MeV) (MeV) (keV) 

1o.oo 39.7260 1,4876 1.1261 5.4463 ,144845 .~2098~ 9e97~3 

10.50 41e7l23 1.5620 1.1824 5.7186 ,148363 e022012 11'),0213 
11e00 43.6986 1e6364 1.2387 5e9909 ,151795 .023042 10e0671 
lle50 45e6849 1,7108 1,2950 6e2632 ,155145 .~24070 10el1C8 
12t00 47.6712 1,7852 1,3514 6t5356 ,158420 .~25097 .. 10.15<'6 
12.50 49.6575 1,8596 1,4077 6.8079 ,161623 e026122 10,1927 
13.00 51.6438 1.9339 1e4640 7.~802 ,164759 e027145 10.2311 
13e50 "53.6301 2,0083 1e5203 7e3525 ,167831 e028167 10.26£11 
14.00 55.6164 2,0827 1e5766 7e6248 .170844 ·029188 10,3037 
14.50 57.6027 2,1571 1e6329 7,8971 ,173800 e030206 10e33f!O 

15.00 59,5890 2,2315 1,6892 8el695 ,176701 e031223 10,3712 
15.50 61.5753 2,3059 1,7455 8,4418 ,179552 .032239 10,40:32 
16.00 63~5616 2,3802 1,8018 8e7141 ,182353 e033253 10,4342 
16.50 65.5479 2.4546 le8581 8e9864 .185108 .034265 10.4643 
17.00 67.5342 2.5290 1.9144 9e2587 ,187818 .03527.6 10e4934 
17.50 69.5205 2,6034 1,9707 9e5310 ,190486 e036285 10,52 1.6 
18.00 71.5068. 2e6778 2e0270 9e8033 e193112 e037292 10e54°0 
18.50 73.4931 2.7522 2e0833 10.0757 .195700 .038298 10e5757 
19.00 75.4794 2e8265 2,1396 10.3480 .198249 .039303 10,60~.6 

19.50· 77.4657 2.9009 2.1960 10.6203 ,200762 e040306 10,6269 

20.00 79.4520 2.9753 2t2523 10.8926 ,203241 e041307 10e65l4 
21.oo· 83.4246 3e1241 2,3649 11.4372 ,208097 e043305 10,69138 
22.00 87.3972 3,2728 2,4775 11.9819 .212829 e045296 10,7438 
23.00 91.3698 3,4216 2,5901 12.5265 .217443 e047281 10,7868 
24.00 95.3424 3,5704 2,7027 13.0711 e221947 e049261 10,8279 
25.00 99,3150 3.7191 2,8153 13e6158 ,226348 e051234 10,8673 
26e00 103.2876 3,8679 2.9279 14.1604 ,230652 .053200 10,9051 
27.00 107.2602 4,0167 3,0405 14e7050 ,234864 ,055161 10,94!4 
2a.oo 1lle2328 4.1654 3,1532 15.2496 e238989 .057116 10.9763 
29.00 115.2054 4e3142 3,2658 15e7943 .243032 .~59064 lle0100 

30.00 119.1780 4.4629 3,3784 16.3389 .246996 e061007 11e0425 
31.00 123~1506 4,6117 3,4910 '16,8835 ,250885 .062943 lle0738 
32.00- i27el232 4,7605 3,6036 17e4282 e254704 .064874 11.1042 
33eOO 131e0958 4,9092 3, 7162 17.9728 ,258454 .066799 lle13:?5 
34.00 135.0684 5,0580 3,8288 18.5174 ,262140 e068717 lle1620 
35,00 139.0410 5,2068 3,9414 19e0621 ,265763 .070630 11,1896 
36.00 . 143.01'36 5,3555 4,0541 19,6067 .269327 •072537 11,2164 
37.00 146.9862 5,504~ 4.1667 20.1513 .272833 .~74438 11e2424 
38.()0 150t9,88 5t6531 4e279~ 20.6959 ,276264 t076333 l.lt2677 
39.00 154.9314 5,8018 4,~919 21e2406 .2796!!3 a078222 11,2923 

40e00 158.9040 5t9506 4.5045 21e7852 e283030 ,(')80106 lle3163 
41e00 162.8766 6•0994 4.6171 22.3298 .286328 ·081984 11.3396 
42.00 166.8492 6.2481 4e7297 22e8745 .289579 .083856 lle3624 
43.00 170.8218 6,3969 4a8424 23.4191 e292784 e085722 11,3845 
44,00 174,7944 6,5457 4,9550 23.9637 .295944 e087583 11,4062 
45,00 178.7670 6,6944 5,0676 24a5084 .299062 .089438 11,4273 
46.00 182.7396 6,8432 5,1802 25.0530 .302138 e091287 11e4480 
47.00 186.7122 6,9919 5e2928 25.5976 e305173 .093131 lle4682 
48.00 190.6848 7.1407 5,4054 26el422 ,308170 .094969 11,4879 
49.00 19·4e6S74 7,2895 5e5180 26e6869 .311129 ·096801 lla5072 

50.00 198.6300 7.4382 5e6306 27.2315 ,314051 e098628 11e5261 
52.50 208.5615 7,8102 5,9122 28.5931 ,321203 .103171 lle57~6 

55.00 218.4930 8.1821 6e1937 29.9547 .328147 e107680 11e6l49 
57.50 228.4245 8,5540 6.4752 31a3162 .334896 •112155 lle65(;2 
60.00 238.3560 8,9259 6.7568 32.6778 ,341463 tl16597 lle6956 
62.50 248.2875 9,2978 7.0383 34.0394 ,347858 a121005 11,7333 
65.00 258.2190 9.6697 7,3198 35,4010 ,354091 .125380 11,7695 

67.50 268.1505 10,0416 7.6014 36,7625 .360170 .129723 11. 80'~1 
70.00 278.0820 10,4135 7.8829 38,1241 ,366105 el34033 11,8375 

., 7z.5o 288.0135 10,7855 8,1644 39,4857 • 371903 .138312 11,86"6 



56. 

Table I (continued) 

K i n e t i c E n e r g z T f or 
132 Protons Alphas Pions Muons Electrons I 13 f(S) 

(MeV) (MeV) (MeV) (MeV) (keV) 

7s.M 297.9456 11.1574 8t4460 40.8473 .377569 o142558 11.9005 
77.50 307.8765 llo5293 8.7275 42.2088 • 383111 ·14677'• 11.9304 
8o.oo 317.8080 11.9012 9o0090 43.5704 .388534 .150958 11o95?2 
82.50 327.7395 12.2731 9,2906 44.9320 • 393843 o155112 11o9871 
a·5.oo 337,6710 12.6450 9o5721 46.2936 o399043 .159236 12,0141 
87.50 347o6025 13o0169 9o8536 47o6551 .404140 ol63329 12o04C3 
90.00 357,53'40 l3o3888 10,1352 49.0167 o409136 o167392 12o0657 
92o50 367.4655 13.7608 10.4167 50o3783 o414036 .17i426 12.0903 
95.00 377.3970 14o1327 10.6982 51o7399 o418845 .175431 12.1142 
97'.50 387.3'285 14.5046 10.9798 53t1014 o42'3564 el79407 12t1375 

1oo.oo 397.2600 14.8765 11.2613 54.4630 ,428198 ol83354 12,16()1 
105.00 417.1230 15.6203 llo8243 57o1862 .437222 o191163 12.20?6 
no.oo 436.9860 16,3641 12,3874 59,9093 e445938 e198860 12e24'50 
115.00 456.8490 17.1080 12,9505 62.6325 .454366 .206448 12.28l:·4 
120t00 476.7120 17,8518 13,5135 65e3556 o462525 o213929 12.3220 
125.00 496.5750 18.5956 14,0766 68o0788 .470431 .221305 12.35 ..,.9 
130.00 516o4380 19.3394 14 1 6397 70,8019 .478098 o228577 12,3923 
135.00 536,3010 20,0833 15.2027 73,5251 .485539 o235748 12.4254 
140.00 556.1640 20.8271 15,7658 76o2482 o492767 o242820 12,4'572 
145.00 576.0270 21.'5709 16.3289 78,9714 .499793 .249793 12,4878 

150.00 595.8900 22,3147 16.8919 81.6945 .506627 .256671 12e5173 
155.00 61~.7530 23.0586 17,4550 84o4177 .513279 t263455 12e5457 
160.00 635o6l61 23.8024 18.0181 87ol408 .519756 .270146 12.5733 
165.00 655.4791 24.5462 18,5811 89,8640 .526067 e276747 12,5999 
17o.oo 675,3421 25,2900 19,1442 92,5871 .532220 e283258 12,62~7 

ns.oo 695.2051 26.0339 19.7072 95.3103 .538221 e289682 12o65C7 
180t00 715o068l 26.7777 20.2703 98o0334 o54407'7 o296019 12e6749 
185.0'0 734.9311 27,5215 20,8334 100.7566 ,549793 o302273 12e691"5 
190o00 754.7941 28,2653 21,3964 103.4797 o555377 .308443 12,7214 
195.00 774.6571 29,0092 21.9595 106o2029 o560832 o314532 12,74~7 

200.00 794.5201 29.7530 22.5226 108o9260 .56616.3 o320541 12.7655 
205e.OO 814.3831 30.4968 23,0856 111.6492 ,571377 .326471 12e78f-6 
210.00 834e24c61 31o2406 23,6487 114o 3723 .576476. o332324 12e8073 
215.00 854.1091 31,9845 24.2118 117.0955 .581464 .~38101 12e8274 
220.00 873.9721 32.7283 24.7748 119o8186 t586347 .~43803 12o8471 
225.00 893.8351 33.4721 25.3379 122o5418 • 591128 o349432 12e8663 
230.00 913.6981 34.2159 25,9010 125.2649 .595809 e354989 12,8851 
2l5o00 933.5611 34,9597 26.4640 127,9881 .600396 e360475 12e90~5 

240.00 953•4241 35e7036 2'7.0271 130.7112 o604fH~9 .~65891 12t92'!.5 
245.00 973.2871 36.4474 27.5901 133.4344 .609294 .~71239 12,9391 

250.00 993.1501 37.1912 28.1532 136o1575 .613611 .376519 12o9564 
255.00 1013.0131 37.9350 2e. H63 138,8807 ,617845 e381733 12,9734 

260t00 1032.8761 38,6789 29.2793 141e6038 o621998 ,386882 12,9900 
265.00 1052.7391 39o4227 29e8424 144.3270· o626073 o391967 13e00e3 
270.00 1072.6021 40.1665 30.4055 147.0501 ,630070 e396989 13e0223 
275.00 1092.4651 40.9103 30.9685 149.7733. .633994 o401949 13e03eO 
280.00 1112.3281 41.6542 31,5316 152.4964 .637846 e406848 13,0534 
285t00 1132ol911 42,3980 32,0947 155.2196 .641628 e411687 13t06E!6 
290,00 1152.0541 43.1418 n.6577 157,9427 .645342 e416467 13.0835 
295.00 1171.9171 43,8856 33.2208 160,6659 .64'8991 o421189 13e09C2 

300.00 1191o 7801 44o6295 33.7838 16.,.3890 o652575 e425854 13.1126 
310.00 1231e5061 46,1171 34.9100 168.8353 .659558 e435016 13e1409 
320.00 . 127lo2321 47.6048 36.0361 174.2816 .666304 e443961 13e1682 
330.00 1310o9581 49,0924 37,1622 179,7279 e672826 .452695 13,1948 
340.00 1350.6841 50.5801 38.2884 185o1742 e679135 o461225 13,2206 
350t00 1990.4101 52.0677 39.4145 l9nan205 .665242 o469557 13o24"i8 
360t00 1430.1361 53.5554 40.5406 196o0668 e691l56 o417697 13e270~ 

370.00 1469.8621 55.0430 4lo6667 201e'5131 e696887 o485651 13e2942 
380t00 1509.5881 56.5307 42.7929 206.9594 • 702442 o493425 13e3176 

390.00 1549 .. 1l't1 58.0183 4~.9190 212.4057 ,707830 .501024 13,3404 



57. 

Table I (continued) 

K i n e t i c E n e r g ;y T f or 
f32 Protons Alphas Pi·ons Muons Electrons! 6 f(B) 

(MeV) (MeV) (MeV) (MeV) (keV) 

400e00 1589.0401 59.5060 45,0451 217.8520 .713059 e508453 13,3626 

410e00 1628,7661 60,9936 46,1713 223.2983 .718135 .515717 13, 38'~5 
420.00 1668.4921 62.4813 47.2974 228,7446 e723064 e522822 13e40~8 

430.00 1708e2181 63e9689 48.4235 234.1909 .727854 e529772 13e4267 
440.00 1747.9441 65,4566 49,5496 239e6372 e732510 .536570 13e4473 
450.00 1787.6701 66,9442 50,6758 245.0835 .737036 e543223 13e4674 
460.00 1827.3961 68,4319 51,8019 250.5298 e741440 .549733 13e4871 
470e00 1867.1221 69,9195 52,9280 255e9761 .745724 .556105 13e50t'5 
480.00 1906.8482 11.4071 54.0542 261e4224 o749895 e562342 13,5256 
490,00 1946.5742 72,8948 55,1803 266.8687 .753956 .568450 13e5444 

500.00 1986.3002 74.3824 56,3064 272.3150 • 757911 .574430 13e5628 
510e00 2026.0262 75,8701 57,4325 277.7613 • 761765 .580286 l3e5809 
520.00 2065.7522 77,3577 58e5587 283.2076 .765521 e586023 13e5988 
530,00 2105.4782 78,8454 59,6848 288.6539 .769183 e591643 13e6164 
540,00 2145,2042 80,3330 60,8109 294e1002 e772754 e597149 13e6337 
550,00 2184.9302 81.8207 61,9371 299.5465 .776237 e602545 13e6508 
560.00 2224.6562 83,3083. 63,0632 304.9928 ,779636 .607832 13,6677 
570e00 2264o3822 84.7960 64,1893 310.4391 .782953 e613015 13e6843 
580e00 2304.108.2 86,2836 65,3154 315.8854 e786191 e618096 13e7007 
590.00 2343.8342 87.7713 66.4416 321e3317 e789353 e623078 13e7168 

6oo.oo 2383.5602 89.2589 67e5677 326.7780 e792441 e627963 13.7328 
610e00 2423,2862 90,7466 68,6938 332e2243 ,795458 e632753 13e74~6 

620.00 2463.0122 92.2342 69,8200 337.6706 .798406 •637451 13e7642 
630.00 2502.7382 93e7219 70,9461 343.1169 e801287 e642060 13e7795 
640e00 2542.4642 95.2095 72.0722 348.5632 .804103 e646582 13e7947 
650.00 2582.1902 96,6972 73.1983 354.0095 .806857 e651018 13,8098 
660.00 2621.9162 98.1848 74.3245 359e4558 e809550 e655372 13e8246 
670.00 2661e6422 99,6725 75,4506 364.9021 e812185. .659644 13e83Q3 
680.00 2701.3682 101.1601 76,5767 370.3484 e814762 .663837 13e8539 
690.00 2741.0942 102.6478 71.7029 375.7947 .817284 e667954 13e86R3 

700.00 2780.8202 104e1354 78,8290 381.2410 e819753 .671995 13e88?.5 

710a00 2820.5462 105,6231 79,9551 386.6873· .822170 e675963 13.8966 
no.oo 2860.27'22 107.1107 81,0812 ·392.1336 ,824536 e679859 13,9106 
73o.oo 2899,9982 108,5984 82,2074 397,5799 ,826853 e683686 13,9244 
740.00 2939.7242 110,0860 83,3335 403e0262 e829123 · e687444 13e9380 
750.00 2979,4502 111,5737 84 1 4596 408e4725 ,831346 e691136 13,9516 
760,00 3019.1762 113,0613 85,5857 413e9"188 e833524 .694763 13,9650 
770.00 3058.9022 114,5490 86,7119 419e3651 ,835659 e698326 13,97?.3 
780,00 3098,6282 116,0366 87,8380 424.8114 a837751 .701827 13e99!5 
790 •. 00 3138.3542 117,5243 88,9641 430.2577 .839802 e705268 14e0045 

8oo.oo 3178.0803 119.0119 90,0903 435.7040 .841813 .708649 14e0175 

81o.oo 3217.8063 120.4996 91e2164 441.1503 e843785 e7lt9n 14,0303 
820.00 3257.5323 121.9872 n. 3425 446.5966 a845718 • 715239 14.04:::10 
830.00 3297.2583 123.4749 93e4686 452e0429 .847615 •718451 14e0556 
840.00 3336.9843 124,9625 94,5948 457,4892 ,849476 .721609 14.0681 

850.00 3:376.7103 126.4502 95,7209 462.9355 e851301 • 724 714 14e08~5 

860,00 3416.4363 127,9378 96,8470 468,3818 .853093 e727767 14,0928 

~no,oo 3456e1623 129,4255 97,97'32 473.8281 e854851 • 730770 14e1050 

8eo.oo 3495.8883 130.9131 99.0993 479.2744 e856576 • 733 '12'3 14al1 '2 

890.00 3535.6143 132.4008 100.2254 484.7207 .858270 • 736628 14e12'l2 

900.00 3575,3403 133.8884 101,3515 490.1670 e859933 .739485 14a1411 

910.00 3615,0663 135,3761 102,4777 495.6133 ,861566 e742297 14e1529 

920.00 3654.7923 136,8637 103,603·8 501.0596 ,863170 ,745063 14e1647 

930e00 3694.5183 138.3514 104,7299 506,5059 .864745 e747785 14.1763 

940.00 .3734.2443 139e8390 105,8561 511e9522 e866293 a750463 14el879 

950,00 3773.9703 141,3266 106,9822 517e3985 e867813 e753099 14e1994 

960.00 3813.6963 142,8143 108.1083 522.8448 ,869.306 .755694 14e2108 

970.00 3853.422'3 144.3019 109.2344 528.2911 .870774 .758248 14.227.1 

980.00 3893.1483 145.7896 110.3606 533,7374 e872216 .760762 14e2334 
990,00 3932,8743 147,2772 111,4867 539.1837 ,873634 .763237 14e2446 

1000.00 3972.6003 148.7649 112.6128 544.6300 .875028 e765673 14e25~6 



58. 

Table II. Calculated mass stopping power Sjp (MeV/g/cm
2

) for protons. 

Sjp 

Be Graphite Water Al Cu Ag Pb 

I(eV)= 64 78 66.6 166 320 475 820 

T(MeV) 

1o.o 37.720 40.875 46o641 33o776 27o169 23e213 17.620 
10o5 36.252 39.303 44e840 32.531 26.218 22e435 17.068 

n.o 34.91)4 37.858 43.185 31o385 25.341 21.714 16~556 

11.5 33.662 36.525 41o666 30.325 24.528 21.045 16.079 

12.0 32o513 35.292 40o254 29o343 23.773 20.422 15.633 

12o5 31.448 34o147 38.944 28.429 23.069 19.840 15.216 

n.o 30.456 33o082 37.724 27.577 22.409 19o294 14.823 

13.5 29.531 32.087 36o586 26.779 21.790 18e781 14.454 

14.0 28.666 31.156 35.521 26.032 21.209 18.299 14.105 

14o5 27.855 30.283 34.522 25o330 20.663 17t844 13.775 

15o0 27.094 29o463 33o583 24e669 20.148 17.415 13.463 
15o5 26.376 28o690 32o700 24o045 19o662 17o009 13.167 

16.0 25.700 27o960 31o865 23o456 19.202 16e625 12.885 

16.5 25.061 27o271 ,31.077. 22,898 18o764 16e259· 12.618 

17.0 24.456 26.618 30o331 22o369 18o348 15.910 12.363 
17o5 23.882 25.999 29o623 21.866 17,953 15.579 12.120 
18.0 23.337 25.411 28.951 21.389 17e577 15.263 11.888 
18.5 22.820 24.852 28.312 20.934 17.218 14e961 llo666 
19 0 0 22.327 24.320 27.703 20.500 16.876 14.673 11.454 
19.5 21.R57 23o fH 2 27ol23 20o086 16.549 14.398 llo 251 

20.0 21.409• 23.327 26.569 19o690 16.237 14e134 11.056 
21,0 20.571 22e421 25.534 18o949 15.651 13.639 10.688 

22.0 19.802 21o590 24o584 18.268 15. 110 13e181 10.348 

23.0 19.095 20.824 23o71!J 17e640 14.609 12e756 10.032 

24o0 18.442 20.117 22o902 17,059 ] ~.145 12o362 9.738 

25 0 0 17.837 19.462 22 ol53 16.519 13.714 lle995 9.464 

26o0 17.275 18.852 21.457 16,017 1'3. 312 lle653 ·9.207 

27.0 16.750 18.284 20.808 15.548 12.936 lle333 8.965 

Z6.o 16.261 17.753 20.202 15.109 12.585 llo033 8.738 

29o0 15.802 17.256 19.634 14o697 12.254 10e750 8.524 

30,0· 15.372 16e789 19.101 14.310 lle943 10e483 8.323 
3·1.0 14.967 16.349 18.600 13o946 llo648 10o230 8.132 

32o0 14.586 15.935 18e127 13o602 llo 370 9e992 7.952 

33.0 14.225 15.544 17.681 13.~76 11,107. 9e766 7.780 

34o0 13.885 15o174 17.258 12o969 10.857 9e553 7.617 

35o0 13.562 14o823 16o859 12.677 l'o620 9e349 7o461 

36o0 13.256 14o491 16.479 12.399 10.395 9e156 7.313 
37o0 12.965 14ollS lbol19 12e135 10.181 8o972 7.172 

38.o 12.689 13.874 15.775 11.884 9e977 8,797 7.037 

39o0 12o425 13o587 15•449 11o645 9o782 8•629 6o906 

40o0 12.174 13.314 15o13.7 llo416 9.596 8e469 6.785 

41.0 11.934 13.053 14.839 u. 198 9.418 8e315 6o667 

42.0 11.704 12o804 14.555 10e989 9e248 8e167 6.554 

43.0 11o485 12.565 14o262 10.788 9o085 8e025 6o445 

44.0 llt275 12.336 14o022 10o597 8t926 7e889 6o340 

45.0 11oi'J73 12.117 13.771 10e413 8,777 7e759 6.239 

46.0 10.880 1lo 906 13o531 10.236 8,632 7t633 6.142 

47,0 10.694 ll• 704 1'3.901 10,066 0,4?3 7.513 6.049 

48.0 10.515 lle 509 13o079 9e903 8o356 7.396 5.958 

49,0 10,343 11.322 12.866 9,745 8.229 7e284 5.872 

50.0 10.178 11o142 12.660 9e594 · 8 o104 7e176 5.788 

52.5 9e790 10o719 12ol79 9e238 7o811 6e922 5o590 

55,0 9e435 10e333 n. 738 8e91l 7o543 6e689 5.409 

57,5 9o109 9o977 llo333 6e611 7,295 6e475 5.241 

60,0 a.aoa 9o649 10.959 8e334 7.066 6e'-75 5.065 

62o5 8o530 9.345 10o61~ 6o077 6t854 6e090 4o940 

65.0 8o271 9o064 10.293 7e839 6e657 5t917 4o604 

67.5 8.031 SaBOl 9o994 7t616 6.474 5e756 4.678 

70t0 7e007 8•557 9.715 7·'•09 6.302 5.606 '~. 560 
72e5 7e597 8o328 9t454 7e214 6o140 5•465 4o449 



59. 

Table II. Continued. 

s p 

Be Graphite Water Al Cu Ag Pb 

I(eV)= 64 78 66.6 166 320 475 820 

T(MeV) 

75,0 7•460 8.1 1'3 9•210 7.6~2 5•988 5.1~2 4. ~44 
77,5 7e215 7. 9'11 8e9.80 6e860 5.846 5.207 4.246 
8o.o 7e041 7. 72'1 8.764 .6.699 5. 711 5.090 4.153 
82.5 6.877 7e542 8.560 6e546 5.584 4e97'8 4.065 
85,0 6.722 7e37~ 8.368 6e402 5.463 4e87'3 3.982 
87,5 6.576 7.213 8e185 6e266 ;,350 4e77~ 3.902 
90e0 6e437 7e061 8.013 6e136 5e241 4e679 · 3.827 
92,5 6.305 6e917 7e849 6e013 5.139 4e589 3. 755 
95,0 6.180 6,780 7.693 5,897 5.041 4e503 3.687 
97,5 6.060 6.650 7e545 5.785 4.948 4e422 3.622 

100,0 5e947 6. 5'26 7e403 5e679 4.859 4e343 3.559 
105,0 5.735 6e294 7.140 5.481 4e693 4e197 3.443 
uo.o 5·.541 6.083 6.899 5e300 4e542 4e063 3e337 
115.0 5e364 5e888 6.678 5.134 4e402 3e940 3.238 
120.0 5e200 5e709 6.475 4.980 4.274 3e8'26 3.148 
125,0 5.049 5e544 6e287 4e839 4el55 3e721 3.064 
1:30,0 4e909 5e391 6ell3 4e707 4e044 3t623 2.986 
13'5,0 4e779 5e248 5a951 4e585 3e942 3e532 2.912 
140,0 4e657 5.116 s.8oo 4e4.71 3e845 3e447 2.844 
145.0 4e544 4e992 5e659 4e364 3.755 3.~68 2.780 

150,0 4e438 4e876 5,527 4e264 3e671 3e293 2. 720 
155,0 4e338 4e767 5e403 4el71 3e592 3e224 2e664 

'· 160e0 4e245 4e664 5e287 4e083 3e517 3el58 2.611 
165,0 4e157 4e568 5,177 4e000 3e447 3e096 2.560 
170,0 4.073 4e477 5e074 3e921 3e381 3e037 2. 513 
175,0 3.995 4e391 4e976 3e847 3e318 2e982 2.468 
·180.0 3e92l 4e309 4.883 3e777 3.259 2e929 2~426 

185,0 3.!150 4.232 4.796 3o 710 3,202 2e879 2.386 
190.0 3e783 4.159 4e712 3e647 3,149 2e832 2.347 
195,0 3e720 4e089 4e633 3e587 3e098 2e787 2.311· 

200,0 3.659 4e023 4e558 3,530 3e049 2e744 2.276 
205e0 3e601 3e960 4.486 3e475 3.003 2e703 2.243 
210,0 ~.54,7 3e900 4e418 3e424 2.959 2e664 2.211 
215,0 3e494 3e842 4e353 3,374 2e917 2e626 2.181 
220.0 3e4·44 3e787 4e290 3e326 2e877 2e590 2.152 
225.0 3e396 3.735 4.230 3.281 2.838 2e556 2.125 
230,0 3e350 3e684 4e173 3e238 2e801 2e523 2.098 
235,0 3.306 3.636 4el18 3el96 2e766 2e492 2.072 
240,0 3.264 3e590 4e066 3el56 2.732 2e461 2.048 
245.0 3e223 3e546 4e0,15 '3el17 2.699 2e432 2.024 

250.0 3el84 3e503 3e967 3e081 ?e668 2e404 2.001 
255,0 3e147 3e462 3e920 3,045. 2e638 2e~78 1.980 
260,0 3e1ll 3e422 3e876 3,011 2e609 2e352 1.959 
265,0 3.076 3e384 3e832 2e978 2.sin 2e327 1.938 
270,0 3e043 3.348 3e791 2e946 2.554 2e303 1.919 
275,0 3e010 3.312 3e751 2e916 2e528 2•280 1.900 
280,o 2e979 3·278 3. 712 2e886 2e503 2e2<58 1.882 
285.0 2e949 3el45 3.675 2e858 2e479 2e2'!6 1.864 
290.0 2e920 3.214 3e63'>1 2.830 2.456 2e215 1.847 
295.0 2e892 3.183 3e604 2,804 2e433 2e195 1.831 

300,0 2·865 3•153 3e570 2,778 2e411 2el76 1.815 

310.0 2e814 3e097 3e506 2e729 2e370 2el39 1.785 
320,0 2.766 3.044 3e446 2e683 2e331 2e104 1.757 

330.0 2e720 2e994 3e389 2e640 2e294 2e071 1. 730 

340.0 2•678 2e947 '3e336 2e600 2~260 2e041 1e 705 
350,0 2.637 2.903 3o286 2·562 2e227 2e012 1e661 
360.0 2.599 2e862 3e239 2,526 2,196 le984 1.659 

370,0 2e564 2e822 3el94 2.492 2el68 le958 1.638 

380.0 2e530 2.785 '3e152 2e459 2.140 1e934 1.618 

390,0 2·497 2.750 3.112 2.429 2.114 le911 1.599 
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Table II. Continued. 

Sjp 

Be Graphite Water Al ·cu Ag Pb 

I(eV)= 64 78 66.6 166 320 475 820 

T(MeV) 

400,0 2o467 2o717 3a074 2e400 2,089 1.889 1.581 
410o0 2•438 2e685 3t038 2e372 2e066 1t868 lo564 
420,0 2o410 2e655 3e004 z·e346 2e044 1e848 1.548 
4~o.o. 2o384 2e626 2.971 2.n1 2t022 1e829 1o533 
440e0 2e359 2e598 2e940 2e297 2e002 1e811 1.518 
450,0 2e'335 2e572 2e910 2e275 1.983 1e794 1.504 
460,0 2o313 2•547 2e882 2e253 1e964 1e178 1•491 
470.0 2o291 2.524 2e855 2.2~2 1o947 1e762 1.478 
480.0 2.270 2.501 2o829 2e213 1e930 1e747 1.466 
490.0 2o250 2e479 2e804 2e194 1e914 1e7'33 1·.454 

500.0 2·231 2e458 2e780 2e176 1e898 1e719 1e443 
510.0 2o213 · 2e438 2e758 2e158 1e884 1e70'6 1.432 
520.0 2.195 2e419 2.7'36 2e142 1e870 1e693 1.422 

530.0 '2 ·179 2.400 2o715 2e126 1e856 1e681 1.412 
540,0 2o162 2e383 2e695 2elll 1e843 1a670 1.403 

550.0 2·147 2o366 2e676 2e096 1e830 le6'59 1e394 
560.0 2·132 2o349 2e657 2.082 1.818 1.6~8 1.385 
570e0 2oll8 2.334 2 .6.39 2a068 1e807 1e6n 1.377 
5ROeO 2.104 2.:n9 2.622 2.055 1e796 1e628 1e369 
5qo.o 2o091 2.304 2e606 2 ,04·3 1e 785 1e618 1e361 

600.0 2o078 2.290 2e590 2e030 1e 775 leM9 1.353 
610,0 2o065. 2e277 2e574 2 .o 1'9 1t765 1t600 1.346 
620.0 2·054 2o263 2e560 2.007 1e 755 1t592 1e339 
6'-'0eO 2o042 2· 25'1 2o545 1e997 1e746 1e584 1e333 
640.0 2e031 2e239 2e531 1o986 1e737 1e576 1.326 
650.0 2.020 2.227 2e518 1e976 1.728 1.568 le3'20 
660,0 2o010 2.216 2e505 ·1,966 1e 720 · 11561 1.314 
670.0 2o000 2o205 2e493 1e957 1.712 1e554 1.308 

. MOeO 1o990 2e194 2e4'81 h948 1e704 1e5.47 1e303 
690.0 1o981 2e184 2e469 1e939 1e697 1e540 1.297 

7oo,o le972 2e174 2e458 le930 le690 lt5,4 ·t.29'2 

710.0. 1o963 2e165 2e447 1e922 le683 1e528 le287 
720.0 1.955 2e155 2a437 1e914 1.676 le522 1.282 

7~0.0 1o947 2o146 2e426 1.906 1e669 1e516 1.277 
740.0 1 i.939 2o138 2.417 1.899 1.663 1e5'10 1.273 

750,0 }e931 2e129 2o407 1e892 1.657 1eiJ05 1.268 
760.0 1e924 2.121 2e398 1e885 1e651 1e500 1.264 
no.o 1.916 2.113 2.389 1e 878 1e645 1e49'5 1.260 
780,0 1e909 2e106 2e380 1,871 le640 1t490 1e256 
790,0 1o903 2a098 2e372 1t865 1e634 1e485 1e252 

eoo.o 1.896 2e091 2e363 1e8'59 1e629 1e480 1.248 

810e0 1e890 2. 08·4 .2o355 1.853 1it624 1e4?6 1.245 

820,0 1o88'3 2e077 2e348 1e847 1e619 1e471 · 1.241 
830,0 1o877 2.on 2. 34.0 le841 },614 le467 1.238 
840,0 1e871 2e064 2e333 1.836 1~610 1e463 1.235 
e·so.o 1.866 z.o5e 2.326 1,830 1.605 1e4'59 1. 23'1 

860,0 1o860 2o052 2e319 1e825 1.601 1e4'55 1.228 

870.0 1o855 2.e046 2e312 le820 1e596 le451 1e225 

890 .• 0 1o850 2.040 2.~o" la815 1a59Z lt448 1.222 
890,0 1.845 2.035 2e299 1,811 1,588 1e44'4 1.220 

900,0 le840 2o029 2e293 leBO& 1e585 1144'1 1. 2'17 

910e0 1a835 2a024 2e287 le801 le51H le4~7 1 •. 2'14 

920.0 le830 2e019 2.282 1e797 1.577 1e434 1e2'12 

930.0 le826 2o014 2e276 1.793 1.574 h431 1.209 

940.0 1·821 2.009 2·270 le 789 le 570 le428 1.207 

950,0 1o817 2e005 2·265 1.785 1.~6:7 1•4"-5 1e204 
960.0 lo813 2e000 2e260 le781 le563 1e422 1.202 

970,0 lo809 1o996 2e255 1. 777 1.560 le4l9 1.200 

980.0 1e805 le991 . 2. 250 1. 773 1e557 h4·l7 l.t98 

990.0 loBO! 1o987 ?.•?45 1.770 1•554 1•'414 1.196 

1000,0 1.797 1e983 2e240 1e 766 lt551 1e412 1.193 
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Table IIIA. Lov energy proton stopping paver S (MeV ~m 2 /g) for several substances. Accuracy: 2-20 '1> • 
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270 
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Li 
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680 
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550 
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Be c 

44o 

560 

64o 

700 

690 . 720 

700 710 

640 650 

570 580 

510 540 

46o . 490 

450 ·.'430 46o 

420 390 430 

390 370 .390 

360 350 370 

340 330· 350 

32o 310 33o 

290 280 . 290 

26o 260 270 

240 ·240 250 

230 220 230 

220 . 210 220 

210 198 200 

200 187 192 

195 179 183 

188 170 175 
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75C• 

7&·· 
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2SJ 

25·J 
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70 
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Kr 
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Ag 

15.1 

142 
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72 

68 

64 

Sn 

142 

134 
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107 

100 
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89 

85 

81 

78 

75 

71 

68 

65· 

61 

Xe Au 

22 

'44 
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75 

24o 85 
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192 119 

176 116 
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152 lo4 
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121. 84 
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66 49 

62 47 
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?b 

122 
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127 

120 

113 
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730 
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580 
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48o 

lo6 430 

100 410 

95 380 

90 350 

S6 330 

83 . 310 
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67 240 

63 220 
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58 198 

55 186 

53 177 

52 168 

50 
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45 

16o 
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TABL~ III~ 
. : .. ·-· -- . -

EXP::RIMENTAL PROTOI\i STOPPING POWER s (MEV/GM/SQCt-'ll, FROM AH67t A~68o 
..... --- .. 

TCMEVl BE AL Cll sc Tl v CR MN FE co Nl cu ZN AG PT AU 

2.oo )34.25 llt\.67 107.21 96.58. 93.19 9<),61 89,57 86,51 87.30 83,74 86,45 B1,o9 80o89 63,74 45o43 ·45. 78 

2.25 122o70 101.92 98.91 89.24 86 o-11 83.73 82o93 ao·.o7 -- 8o~er3- ·7-7,64 -eo .• 14 75,19- 75 •. ()2. --59,63- 42o85 43.12 
2o50 ll3o2l 94.6d. 92.63 83.15 80·23 78.02 77 o4l 74,72 75,45 72,56 74.89 70.28 . - 70~13 56,18 40;67 4o.87 
2.75 ic•S,19 88,52 ae: .. 1s 77.94 75o-20 73.14 ·72~69 to. i3 · to~as ··· 68~iB 7();35 "'66.07 &s-;9·2- ·53-~-~6 38-;'ti 38;8~ 

3.oo 98,36 RJ,}9 a1.o9 73. 40· 7o.a? 68,91 68.60 66,}6 66,84 64,37 66,41 62,44 6io32 50,46 36~97 ~?-~ 11 . 
3.25 92.42 78,50 76,65 69,45 67.} 1 65,22 65.o1 62,6tl - 63~32 61,04 62,96 59~25 59~f6--. 46. oi 35;39 35e·52 
3.50 87.24 74,51 72.76 65,97 63.78 6},93 6lo82 59,59 60o21 58,09 59.97 56,43 56o36 45,94 33o96 34 .• 09 

.3.75 82.65 7n,94 69,30 62.87 60.81 59.04 58.98 56,86 57~45 55,46 57 .• 28 53,91 53;95 ··-· 44~ 02 
.. 

32;66 ·:3z~·79 

4o00 78.57 67.76 66.18 6o.o8 58..}5 56.44 56o42 54.40' 5So00 53.10 54.88 51.65 . ~1_!60. 42o28 .. 3~.!!? 3i~£t?' 

4,25 74,90 64,85 63,38 57,57 55.74 54.09 54o09 52.19' 52 •. 79 5o,97 ·s2,69 49,60 -4"9,55-·- ·40-~7·0 · · 30o39 .Jo.55 

4o50 7i.6c 62.21 60o83 55.29 53o54 5},95 51o97 50,16 5o.78 49,03 5oo70 .47.72 47.69 39.26· 29o40 29.-56 
4,75 68,58 59,80 58,51 53.21 51o53 5o.oo 50~04 48,31 48.94 47,26 4Ao86 45~99 . 45;9·9· 3't;93 28;49 28~65 

s.oo 65o87 57.59 56.37 51.30 49.68 48.21 48o25 46,62 47.24 45.62 47.17 44,42 44o42 36o71 27~65 27.79 
5,25 6j.36 55,56 54,41 49,53 47.98 46.56 46~61 45,oS 45.67 44.11 4c;;61' '42,95 42;9·;- ---35-~58 26;as~ i7~·oo 

5.50 &1.oo 53.6~ 52,59 47,90 46.40 45.03 4~o09 43,60 . 44.22 42,72 't4o16 41,59 41~61 34.53 26.;12 .26.-25 
5,75 58,93 51,9.3 so.91 46.38 44.93 43,61 43.68 42.25 42.87 41,41 42~82 40,33 40;36- 33~55 25-;43' 25~-56 

6.oo 56,96 5o.31 49.35 44.97 43.56 42.29 42o37 40,99 41o60 40.20 4}o57 39,15 39o19 32,63 24~7~ 24.9l 
e.5o 53.42 47.38 46>, 53 42,41 41.10 39,90 39.98 3&,72 39.31 38,00 39.30 37,o1 37.- o1-- ·- 3o. 97 2J;6c; ·23'~ 72 
7·. 00 so.34 44,81 44,()4 40.17 38.92 37.8o 37.89 ~&.7! 37. 28. 36,06 37o29 ~5~12 ~5! .19. ·-·· ?~ .! 48 __ 2?· ... ~~ ?2·~! 

7.50 47.62 42.52 41.83 38.}7 36.99 35,93 36o02 3~.92 35.47 34.33 35,51 33.44 33~52 '28.14 21!_58 21.-7~ 

doOO 45,21 .4() .4 7 39.85 3().38 35o27 34.26 34o35 33,32 33.85 32,78 33.90 31.93 32o01 26,94 20o72 20.85 
d.5o 43.o5 3R,6'+ 3s.o8 34.77 33.71 32.75 32.85 31,86 32.39 31.37 32o45. 3o.57 30; 6·5-. 2S,85 19;94 20.06 
9.oo 4fo10 36,97 36.47 33.31 32.30 3}.~9 31o49 3o ,57. 31o06 30.09 J}ol4 29,33 29. 41. 24.86 19~22 19.34 
q.5o 39,34 35.46 3s.oo 31,98 31.02 3o.15 30o25 29,3~ 29.85 28,92 29,95 28.21 28.29 23,95 18;56 18.67 

1o.oo 37.74 34,o8 3J.b6 30.76 29o84 29.01. 29o11 28,28 28,74 27,85 28.84 2?.17 .2?~-~6 23oll 17~·95 18.o6 
1o.5o 36.27 32,A2 32',43 29,65 28o 77 27,97 28o06 27,28 27.72 26,87 27.83 26,22 26o30 22.34 it;39 17.49 
11.00 34,93 31.60 3},30 28,61 27.77 27.01 27o10 26,35 26.78 25,96 26o89 25,35 . 25~42 .. _21, 62 16;88 16.97 
11.50 33.69 36.58 3o-.25 27.66 26.85 26.12 26o2l 25.49 25.90 25.12 26o02 24,54 24o6l 20.96 16~39 16.48 
12.00 32.54 29.58 29.28' 26.77 i6oOO 25.30 25o37 24,6~ 25.n9 24.33 25.21 ?~.78 .?3!_~5 20_.34 15;~~ 16.02 

0\ 
N 



63. 

Table IV. Calculated csda ranges R (g/crn2) for protons of kinetic energy T. 

R 
Be Graphite Water Al Cu Ag Pb 

T(MeV) 

leO .0029 .0039 e0039 .0042 ,0061 .ooeo t0116 
lel .0034 .0043 .0043 .0048 ,0070 e0091 .0133 
1.2 ,0039 .004·8 .0047 e00~4 .0078 •0103 t0151 
1.3 .0044 e0053 .0051 ,0061 .oo88 .ons ,0169 

le4 .0050 e0059 .0056' .0068 e0098 e0128 .0188 
1.5 .0055 e0064 .0061 .0075 ,0108 .·0141 ,o2o8 
le6 .0062 .0070 .0066 .0083 .ou8 .ot54 e0228 

1. 7 .0068 e0076 .oon e0091 e0129 e0168 ,0248 

1e8 .oo7s .0083 .oo11 e0099 .0141 .0183 .• 0270 
1e9 .ooaz e0089 t0083 .0108 e0153 e0198 ,0291 

2,0 ,0089 e0096 e0089 .0117 ,0165 .o2n e0314 
2e1 .0097 e0104 e0095 t0126 e0178 .cn9 e0336 
2.2 .0105 .• 0111 .0101 .0136 .0190 .0245 e0360 
2.3 .0113 .0119 .0108 e0146 .0204 e0262 ,0384 
2.4 .0121 .0127 .0115 .0156 ,0218 e0279 ,0408 
2.5 ,0130 .0135 e0122 .0166 ,0232 t0296 e0433 
2.6 .Ol'i9 .0143 •0130 .0177 e0246 e0314 e0458 
2,7 .0148 .0152 .0137 .0188 .0261 t0332 .0484 
z.e .0158 .0161 a0145 .0200 ,0276 e0351 .0511 
2.9 .0167 .0170 .0153 .0211 .0291 .ono .0538 

3e0 .0177 .0180 e0161 .0223 e0307 .0390 .0565 
3e1 .0188 .0189 .ono .0236 e0323 e0409 ,0593 
3,2 .0198 .0199 .0178 .0248 e0340 .0430 .0621 
3,3 .0209 .0209 .0187 .0261 •. 0357 e04SO .0650 
3e4 .0220 .0220 .0196 .0274 •0374 e0471 e0680 
3,5 ,0232 .0230 .0205 .0287 e0392 e0493 ,0709 
3,6 .o24'3 .0241 ,021'5 .0301 ,0409 e0515 ,0740 

3.7 ,0255 .0252 e0225 e0315 e0428 e0537 ,0771 

3,8 'e0267 .0263 ,0234 e0329. ,0446 e0559 .oeo2 
3,9 .0279 e0275 .0245 .0344 e0465 e0582 .0834 

4e0 .0292 .0287 .0255 .0358 .0484 .0605 .0866 

4e1 ,0305 .0299 .0265. e0373 e0504 •0629 ,0899 

4e2 .one .0311 .0276 .0389 ,0524 e0653 ,0932 
4e3 ~03H .0323 e0287 .0404 ,0544 ,0677 ,0965 
4,4 .0345 .0336 ,0298 e0420 ,0564 ,0702 ,0999 
4e5 ,0359 •0341) .0309 e0436 e0585 •0727 .1034 
4e6 ,0373 .0362 .0321 .0453 e0606 ,0753 .1069 
4,7 ,0397 .03.75 .0332 .0469 ,0628 e0778 tl104 
4.8 ,0402 .0389 e0344 e0486 ,0649 .oeos .1140 
4e9 ,0416 .0403 e0356 e0503 ,0672 e0831 .1176 

5,0 .0432 ,0417 e0369 .0521 o0694. e0858 e1213 
5e5 ,0510 .0490 e0433 e0612 e0810 e0997 e1403 
6,0 ,0595 .0569 .0502 .0709 .0934. e1145 .1603 
6,5 ,0686 .0653 .0575 e0812 ,1066 e1302 .1814 

7.0 .0782 e0742 e0653 e0922 .1205 el466 e2035 
7e5 ,0884 ,0837 .0736 .1038 .1351 e16~9 .2267 

8,0 .0992 .0937 .0824 .1160 .1504 .1820 .2508 
8,5 .1106 .1042 .0915 e1288 .1664 • 201:) 8 .2759 

9e0 .1225 .1152 .1012 •1421 e1831 e2205 ,3019 

9.5 .1349 .1266 .1112 .1561 .zoos e2409 ,3289 
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Table IV. Continued. 

R 
Be Graphite Water Al Cu Ag Pb 

T(MeV). 

10.0 e1479 .1386 .1217 .1706 e2186 .2620 .3568 
10.5 el614 .1511 .1327 .1857 e2373 .2840 e3856 
lleO .1755 .1641 .1440 .2013 .2567 e3066 e4154 
n.s .1901 el775 .1558 .2175 .2768 a3300 •4460 
12a0 .2052 .• 1915 t1680 a2343 e2975 t3541 a4776 
12.5 .2208 a2059 o1807 .2516 .3188 .3790 .5100 
13.0 e2370 .2207 e1937 e2695 e3408 .4045 e5433 

13e5 .2536 .2361 .• 2012 .2879 .3635 t4308 .5775 
14.·0 e2708 o2519 o2211 e3068 e3867 e4578 •6125 
14.5 .2885 a2682 .2353 .3263 e4106 •4855 .6484 

15e0 .3067 .2849 .2500 e3463 o4351 o5138 a6851 
1'5. 5 e3254 .3021 o2651 t3668 a4602 e5429 • 7226 
16.0 .3446 .3198 .2806 .3879 o4860 t5726 • 7610 
16.5 a3643 o3379 o2965 e4095 .5123 .6030 .8oo2 
17.0 .3845 .3564 a3l28 t4316 o5393 e6341 t8403 
17e5 .4052 .3755 .3295 .4542 .5668 e6659 .san 
ts.o e4264 o3949 .3465 .4773 a5950 o6983 e9228 
18.5 a4481 .4148 e3640 e5009 0 6237 e7314 .9652 
19e0 .4702 .4351 .3819 .5251 0 6530 e7651 1e0085 
19.5 e4929 o4559 .4001 e5497 .6830 e7995 1e0525 

20.0 .5160 o4771 e4187 a5748 e7135 o8346 1e0974 
21t0 a5637 .5209 e4571 .6266 .7762 a9066 1.1894 
22.0 .&132 .5663 .4970 e6804 a8412 a9812 1e2845 

.. 23.0 .6646 .6135 .5385 .7361 e9086 1e0584 1o3826 
24t0 • 7'179 .6624 .5814 o7937 t9781 1.nao 1o4838 
25o0 • 7731 • 7129 . .6258 o8533 1o0499 1e2201 1o5880 
26o0 .8301 .7651 .6717 e9148 1.1240 1t3047 1o6952 
.21.0 .8889 .8190 .7190 .9782 1e2002 1e39l8 1e8052 
2e.o e9495 .8745 .7678 1e0434 1a2786 1a4812 1. 9182 
29.0 1o0119 e9317 e8180 loll06 1e3591 1a5730 2e0341 

3o.o 1.0760 o9904 e8696 1e1795 1.4418 1e6672 2e1529 
31.0 1 .• 1420 1.0508 .9227 lo2503 1o5266 le7638 2a2744 

32.0 1.2096 1all27 o9772 1o3229 1a6135 1e86!7 2e3988 
33.0 1.2791 1.1763 1o0330 la3974 1 1 7025 1e9640 2a5259 
34.0 1.3502 1.2414 1t0903 1t4736 1e7935 · 2e0675 2t6558 
35.0 1.4231 1a3081 1allt89 1e5516 . 1a8867 2t1713 2t7885 

36.0 1.4977 la3763 1a2089 1e6313 1e9818 2•2814 2e9239 
37e0 1.5740 1.4461 1a2703 1e7129 2.0791 2e3918 3a0620 

38.0 1.6520 1.5114 1.3HO 1o 7961 2al783 2a5043 '3.2027 
39.0 1.7316 1o5903 1.3971 1. 8811 2.2795 2e6191 3e3462 

40 0 0 1e8l29 1.6646 1.4625 1e9679 2a3827 2e7361 3e4922 
41.0 ·1.8959 1.7405 1.5292 2.0563 2e4879 2a8553 3a6409 

42a0 1.9805 1.8178 1.5972 2o1465 2e5951 2.9766 3. 7922 

43.0 2.0668 1e8967 1.6666 2e2383 2 •. 7042 3.1002 3e 9,461 

44.0 2t1546 1o9770 1e7373 2o3319 2a8152 3e2258 4t1025 

45e0 2.2441 2a0588 1.8092 2a4271 2a9282 3e3537 4. 2615 
46.0 2. 3'353 2.1421 1e8825 2e5239 3e0431 3a4836 4e4231 

47.0 ,2.4280 2a2268 1.9570 2.6224 3e1599 3e61.57 4. 5871 

48a0 2.~223 2·~129 2.0329 2·7226 3e2786 3e7498 4e7537 

49e0 2.6182 2e4006 2.1099 2.8244 3a3992 3e8861 4t9228 

so.o 2. 7156 2.4896 2.1883 2a9278 3e5216 4.0244 5t0943 

52e5 2e9661 2. 7184 2e3897 3.1934 3.8359 4t3792 5e5339 

55 eO 3e2263 2o9560 2.5988 3e4690 4e1617 4o7466 5t9886 

5:r.5 3e4960 3e2023 2.8156 3a7545 l!e4988 5t1266 6.4583 

60o0 3.7152 3e4571 3.0400 4e0496 l;.. 8470 s. 51'88 6e9426 

62a5 4e0637 3a7204 3.2718 4.3544 5.2063 5,9233 7e4415 

65.0 4e3614 3.9921 3.5111 4.6686 5t5764 6t3398 7e9547 

67.5 4.6681 4.2720 3e7576 4e9922 5.9573 6t7682 8e4821 

70.0 4.98'39 4.5602 4.0113 5o3251 6e3487 7.2083 9e0235 

72.5 5.3086 4a8563 4o2722 5.6671 6a7507 7.6601 9.5786 
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Table IV. Continued. 

R 

Be Graphite Water 
T(MeV) 

Al Cu Ag Pb 

75,() 5e642 5e161 .4.540 6e018 7e16:3 8e123 l0e147 

77,5 5e984 5e47:3 4e815 6e378 7e586 8e598 10.729 

80,o 6.:335 5e792 s.o97 6e747 9,018 9e083 11.325 

82e5 6e694 6e120 5e386 7,124 8,461 9e580 lle933 
85,0 7e062 6.455 5.681 7,511 8,914 10e088 ·12.555 
87,5 7,438 6,798 5,983 7,905 9,376 10e606 13.189 
90,0 7.822 7el49 6e292 8e309 9,848 11.135 13.836 
92,5 8. 2'15 7e506 6e607 8e720 10,330 11e675 14.495 
95,0 B .6'15 7,871 6e929 9,140 . 10,821 12e225 15.167 
97,5 9e024 Ae244 7e257 9e568 11.322 12e785 15.852 

100,0 9.440 8.623 7.592 10.004 11.832 13.355, 16.548 
105,0 10.297 9,404 a.279 10,901 12,879 14,'527 17,976 

uo.o llel84 10e212 Be992 lle828 13,962 15e738 19.452 

115.o 12el()1 11e047 9e729 12e7B7 15.081. 16e988 20.973 
120,0 13.048 lle910 10.489 13,776 16.233 18e276 22.539 

125.0 14.024. 12.799 lle273 14,795 17,420 19e601 24.150 
130,0 15.029 13.713 12.080 15e843 18.640 20e963 25.803 
135,0 16.061 14.654 12e909 16.919 19,893 22,361 27.499 
140,0 11 .1·2·1 15.619 13.760 18.024 21.177 23e794 29.236 
145,0 18.208 16.608 14.633 19el56 2 ?,493 25.262 31.015 

150,0 19.322 17.622 15.527 20.315 23,840 26.763 32.833 

155,0 20.462 18o 65'9 16,442 21,500 25,217 2.8. 298 34.691 
160,0 21.627 19.720 17.378 22.712 26,623 29e865 36.587 
165,0 22.817 20,803 18e334 23e950 28,059 31e464 38.521 
11'0,0 24.032 21e909 19.309 25.212 29,524 33e095 40.492 
175,0 25.272 23.037 2().304 26.500 31e017 34e757 42.500 
1·8o,o 26.536 24t186 21.319 27.812 32e538 36e449 44.544 
185,0 27.823 25e357 22.352 ?.9.147 34.086 38e171 46~622 

190,0 29.133 26e549 23e404 30.507 35,661 39e922 48.735 
195,0 30.466 27.761 24.474 31,889 ?7o262 41e702 50.882 

200,0 31e821 28eCJ94 25e562 31e294 38e888 43e510 53.063 

205,0 33.199 . 30.247 26.668 34,722 41),541 45.346 55.276 
210,0 3·4.598 31e519 27.791 36,171 42,218 47e210 57.521 

215,0 36.018 32.811 28.932 37,643 43,920 49e100 59.798 
z·2o,o 37.460 34e12'2 30.089 39,135 45,646 51e018 62.106 
225,0 . 38e922 35e451 ·31e2'62 40e6·4~ 47,396 52e961 64e444 
230,0 40.404 36.799 32.452 42.183 49.169 54e930 66.813 

235,0 41e907 38.165 33e659 43,737 50,965 56,924 69.211 
240,0 43e4·Z<J 39e549 34e880 45. 31'2 52e784 5Be943 7le638 
245,0 44.971 40.951 36.118 46,906 54,625 60.987 74.094 

250,0 46,5:31 42.370 37,371 48,520 56e489 63e054 76.578 
255,0 48.111 43 •. 806 38.639 51),152 58.373 65e145 79.090 

260,0 49.709 45e258 39,921 51.804 60.279 67e260 81.630 

265,0 51.325 46e727 41.219 53.4 73 ~2.206 69e397 84.196 
270,0 52.960 48e213 42.5.31 55,161 64e154 7le557 86.789 

275.0 5~.612 49.71.4 43e857 56,867 66,121 73e739 89.408 

280e0 56e282 5le232 45.1'97 58e591 68.109 75e94"3 92.052 

285,0 57.968 52.765 46.551 60.332 70.116 78e169 94.722 
290,0 59.672 54.313 47e918 62,090 72.143 80e416 97.416 

295,0 61,392 55.876 49.299 63,865 74,188 82e683 100.1:35 

300,0 63.1'29 57e455 50,693 65,657 76,253 84t971 102.877 
310,0 66.651 60.655 53.520 69.289 80.437 89.608 108.434 
320,0 70.236 63.912 56.397 72,984 84,692 94,322 114.081 

330.0 73.883 67e225 59.323 76e741 !.19,017 99el13 119.818 

340e0 77.588 70.591 62e297 81)e558 ~3.410 103,978 125.641 

350,0 81.352 74e010 65.318 84e43~ 97.868. l08t914 131.548 
360,0 85.171 77.479 68.383 88,365 102.389 113.920 137.535 

370,0 89.045 80.998 71.492 92,352 106,973 118,993 143.601 

380,0 92.972 84.565 74e644 96e392 111.616 124e131 149.744 
390,0 96.951 88.178 77.836 100.484 116.317 129.333 155.960 
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Table IV. Continued. 

R 

Be Graphite Water Al Cu Ag Pb 

T(MeV) 

400e0 100.980 9le837 81,070 tn4,626 121.075 134e597 162.249 
410,0 105e058 95.540 84.342 108.818 12'5.889 139e921 168.607 
420,0 109.183 99e286 87e653 113.057 130.756 145e304 175.033 
430,0 ll3e355 103.074 91,000 117·, 342 135,675 150,743 181.525 
4-40,0 117.572 1('6,902 94.384 121,673 140,644 156,237 188.081 
450,0 12'1.832 uo. 770 97,803 126,048 145,663 161.785 194.699 
460,0 126.136 114.677 101.256 130e46'5 150,731 167e3S4 201.378 
470,0 130.481 118.621 104.742 134e924 155,844 173e035· 208.115 
480,0 134e866 122.602 108.261 139,42'3 161.003 178e734 214,909 
490,0 139 •. 291 126.619 111.812 143,962 166,207 184e482 221.758 

500,0. 143.754 130.670 115.393 148,539 171,453 190,276 228.662 
510,0 148.255 134e755 ll9e005 153,154 176.741 196ell5. 235.618 
520,0 1S2e792 138,873 122,645 157,805 182,070 2C1e999 242.624 
530,0 157,365 143,023 126,314 162,492 187,439 207,925 249,681 
540,0 161e97·2 147.205 130,011 167e213 192,846 213.893 256.785 
550,0 166.614 151.417 133,735 171,967 198,291 219,902 263.937 
560,0 171·288 155.658 137.486 176.755 203.773 225e951 271.134 
570,0 175.994 159,929 141.262 181e574 209,290 232e038 278.375 
580,0 180.732 164e228 145,063 186e425 214,842 238e162 285.660 
590~0 185,501 168e555 148,889 191,306 220.428 244e'323 292.987 

'< 

600,0 190.299 112e908 152,739 196,216 226.047 250,520 300.355 
610,0 195.126 177.288 156,612 201,156 2!1,697 256,751 307.763 
620.0 199.982 181.693 160,508 206.124 237,380 263e011 315.211 
630,0 204.865 186.124 164,426 21lel19 24'3.093 269e'315 322.696 
640,0 209.775 190,579 168,365 2l6e140 248,835 275e645 3'30.218 
650,0 214.712 195e057 172.326 221.188 254,607 282.006 337.776 
660,0 219e6'75 199e559 176.308 226e262 260e406 288.397 345.369 
670,0 224.662 204.083 180,309 231,360 266,234 294,819 352.996 
680,0 229.675 208e630 184.330 236,482 272.088 301e269 360.657 
690,0 23~. 711 213e198 188.371 241e628 277.968 307e747 368.'349 

700,0 23CJ.770 l17.787 192,430 246.797 28'3,874 '314.253 376.074 
no,o 244.853 222.396 196,507 251,989 289,805 320,785 383.829 
720,0 249.957 ·227e026 200,603 257.202 295.760 327e344 391.614 
730,0 255.084 231.676 204.715 262,437 301.739 333.928 399.428 
740,0 260.23i 236e344 ?08,845 267.693 307.741 340.537 407.270 
750,0 265.400 241.031 212,991 272,969 313,765 347.170 415.140 
760,0" 270.589 245.737 217e154 278e265 319,812 353.827 423.037 
770,0 275.797 250e460 221.332 283e581 325.880 360e507 430.960 
760.0 Z8le025 255,201 225,526 288,916 331,968 367.21')9 438.909 
790,0 286.272 259.959 229.736 294e269 338.078 373e933 446.882 

800,0 291.537 264e733 233e960 299e640 '344.207 380.679 454.880 
810.0 296.821 269t524 238e198 305,029 350e355 387e445 462.902 
82o.o 302.122 274e330 242,451 310e435 356.523 394.232 470.946 
830,0 307.440 279.152 246,717 315,858 362.709 401.039 479.013 
840,0 312.175 283e989 250,997 321e297 368,913 407.864 487.102 
850,0 318.127 288.841 255.290 326.752 37.5.134 414.709 495.212 
860,0 323e'494 293,708 259,596 332,223 3fle373 421.572 503.343 
870,0 328e878 298.588 263,914 337e710 387.628 428e454 511.494 
880,0 334.276 303e483 268,245 343e211 393,900 435,352 519.665 
890,0 '339.690 308.391 272,588 348.727 400.188 442.268 527.855 

900,0 345.119 313.312 276.943 '354.257 406.492 449e200 536.064 
910,0 350.562 318e246 28le309 359,802 412.810 456,149 544.291 
920,0 356.019 . '323,193 285,686 365,359 419,144 463el13 552.536 
930,0 361e489 328el51 290.075 370e930 425.492 470e093 560.798 
940,0 366.973 333.123 294e474 376,514 431.854 477e088 569.077 

950e0 372.470 338.105 298,883 382,111 438,230 484e098 577.373 
960,0 377.981 343.100 303,303 387,720 4114,619 491e122 585.684 
970,0 383e503 348e105 '307e733 393e341 4~1.022 498e160 594.012 
980,0 389.038 353.122 312e173 '398e974 457.437 505e211 602.354 
990,0 394.585 358.149 316e622 404,619 463,865 512e276 610.711 

tooo.o 400.143 363.187 32le081 410.275 470.'305 519.'354 619.083 
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Table v. Prope!ties of charged particles (BB69,TP69,MT65. Electron masses to be divided by 1000). 

Ion z Lifetime Charge Mass m 

1o-19c I 10-24g 
r 

nano sec amu MeV 

ELECTRON 1 STABLE ±1.60219 0.910956 0.548593 511.004 Oe544630 
MUON 1 2198.3 ±1.60219 0,188357 Oell3432 105.6598 Oell2613 
PION 1 26.04 ±1.60219 0,248823 Oe149846 139.578 Oel48763' 

KAON 1 12e35 ±le60219 Oe880322 Oe530147 493.82 Oe526317 
SIGMA+ 1 o.ost +le60219 2.120318 le276895 1189e40 1e26761l 
SIGMA- 1 0,164 -1e60219 2el34436 1e285398 1197,32 1e276tl2 

Mass excess 

MeV 

HI 0 8.0714 o. 1.674920 le0086652 939e553 1e0013786 
1H 1 7e2890 1.60219 1e672614 1e0072766 938e259 1.0000000 
2H 1 13el359 1.60219 3e343569 2.0135536 1875.587 1e9990076 
3H 1 14.9500 1.60219 5,007334 3.0155')11 2808,883 2,9937170 
3HE 2 14e9313 3.20438 5,006390 3e0149325 2808,353 2,9931:526 
4HE 2 2.4248 3e20438 6,644626 4e0015059 3127e328 3,9:725990 
6Ll 3 14.0884 4.80658 9,985570 6e0134789 5601.443 5,9700375 
7Ll 3 14e9013 4.80658 lle647561 7e0143581 6533e743 6e9636862 
7BE 4 15e7689 6e40877 lle648186 7.0147~~5 6534•093 6e9640599 
9BE 4 u. 3505 6.40877 14.961372 9,0099911 8392.637 8.9449027 
lOB 5 12.0522 8.01096 16.622243 10.0101958 9324,309 9,9378820 
llB 5 8e6677 8.01096 18.276741 11.0065623 10252,406 10.9270507 

12C 6 o. 9.61315 19,920910 11,9967084 11174e708 11.9100440 
13C 6 3.1246 9.61315 21,587011 13e0000629 12109e314 12e9061502 
14C 6 3.0198 9.61315 23,247356 13e9999504 13040.691 13.8988145 
14N 7 2.8637 11.21534 23.246166 13.9992342 13040t024 13.8981035 
15N 7 .1004 lle 21534 24.901771 14.9962676 13968e741 14.8879343 
160 8 -4.7365 12.81753 26,552769 15.9905263 14894.875 15.8750105 
170 8 -.8077 12.81753 28,220304 16.9947441 15830e285 16.8719738 
180 8 -.7824 12.81753 29,880881 17.9947113 16761a791 17.8647767 
19F 9 -1.4860 14.41973 31e539247 18.9934674 17692e058 18.85625'82 
ZONE 10 -7.0415 16•02192 33.188963 19.9869546 18617.472 19.8425685 
21NE 10 -5.7299 16.02192 34,851833 20e9883627 19550.265 20.8167424 
22NE 10 -8.0249 16.02192 36,508273 21.9858989 20479,451 21.8270724 

23NA 11 -9.5283 17e62411 38.165213 22.98'37363 21408e9l8 22.8177014 
24MG 12 -1'3.9333 19.22630 39eR16981 23e9784587 2~335a483 23.8052379 
25MG 12 -13. l907 19.22630 41.478836 24.9792559 23267a707 24·e7988053 
26MG 12 -16.2142 19.22630 43,133977 25.9760100 241·96.165 25.7883589 
27AL 13 -17.1961 20.82849 44.791847 26e97440n 25126a153 26.77954:37 
2851 14 -21.4899 22.43068 46.443813 27.9692490 26052.830 27.7671'987 
29SI 14 -21.t19~e, 2:l.43061:! 48.1036.25 28.9688156 26983.907 28.7!J,444 
3051 14 -24.4394 22.43068 49.759617 29.9660826 27912.843· 29.7496.071 
31P 15 -24.4376 24.03288 51e419241 30.9655359 28843.815 30.7418404 

325 16 -26.0127 25.6351)7 "5'3. 07605 3 31e9632963 29773.210 31.7323930 
335 16 -26.5826 25.63507 54.735569 32.9626845 30704.121 32.7245615 
345 16 -29.9335 25.63507 56,390126 33e9590871 · 31632.251 33.7137661 
365 16 -30.6550 25.63507 59.71)9903 35.9583126 33494e492 35.6985491 
35CL 17 -29.0145 27.23726 58,051385 34e959525l 32564.140 34,7069770 
37CL 17 -31.7648 27.23726 61.367545 36.9565725 34424.353 36.689!>976 
36AR 18 -30.2316 28.83945 59,708836 35e9576699 33493e894 35.6979111 
38AR 18 -34.7182 28.83945 63,021900 37.9528533 35352.369 37,6786813 
40AR 18 -35.0383 28.83945 66.342392 39.9525096 37215.012 39,6638921 
39K 19 -33.8033 30.44164 64.683151 38.9532869 36284e254 38.671'8817 
40K 19 -33.5333 30.44164 66.344164 39. 95357·68 37216e006 39,6649515 
40CA 20 -34.8476 32.04383 66,340910 39.9516172 37214.180 39,6630060 



Table VI .• B of Moliere's theory for z= 1, 2 and 6, variable (3 and thickness s. 

For any value of z at (3=<Y, . B is the same as for z=l. The theory is valid 

only for B 4.5. Linear interpolation for· ·z or 132 "11 . WJ. g~ve sufficient 

accuracy. Logarithmic interpolation is required for s. 

z s z=l z=2 z=6 

g/cm2 (32= 0 0.005 Q.Ol 0.02 0.05 0.1 0.2 0~5 1.0 0.1 1.0 0.1 1.0 

3 Jo-3 10.5 8.8 8.3 . 7.6 6.6 5.7 4.9 3.8 2.8 7.4 4.6 
lo-2 13.0 11.5 lO.B 10.2 9.2 8.5 7.7 6.6 5.7 10.0 7.4 
lo-1 15.4 14.0 13.3 12.8 11.7 11.0 10.3 9.2 8.5 12.5 10.0 
1 17.9 16.4 15.8 15.2 14.2 13.5 12.8 11.8 11.0 14.9 12.6 

10 10-3 8.2 8.0 7.7 7.4 6.7 6.0 5.2 4.2 3.2 7.2 4.9 8.1 7.2 
10-2 10.7 10.5 10.3 9.9 9.25 . 8. 7 8.o 7 .• 0 6.2 9.8 7.7 .10.6 9.7 
10-1 

13.3 13.0 12.8 12.4 11.8 11.2 10.5 9.6 8.8 12.3. 10.3 1311 12.3 
1 15.7 15.4 15.2 14.8 14.3 13.7 13.1 12.1 11.4 14.8 .12.8 15.5 14.7 

20 10-3 6.8 6.7 6.6 6.5 6.2 5.8 5.2 4.2 3.5 6.5 5.0 6.8 6.4 
10-2 

9-4 9.3 9.3 9.2 8.9 8.5 7.9 . 7.1 6.4 9.2 7.8 9.4 9.i 
10-l 12.0 11.9 11.8 11.7 11.4 11.0 10.5 9·7 9.0 11.7 10.3 11.~ 11.6 
1 14.4 14.4 14.3 14.2 13.9 13.5 13.1 . 12.2 11.5 14.2 12:8 14. 14.2 

50 10-3 4.7 4 .• 7. 4.7 4.6 4.6 4.5 4.3 3.7 3.2 4.6 4.1 4.7 4.6 
10-2 7.5 7.5 . 7.5 7.4 7.4 7.3 7.2 6.6 6.0 7.5 7.0 7.5 7.4 
10-3 10.0 10.0 10.0 10.0 10.0 9-9 9.7 9.2 8.8 .10.0 9.6 10.1 10.0 
.1 12.5 12.5 12.5 12.5 12.5 12.4 12.2 11.8 11.3 12.6 12.1 12.5 12.5 

100 10-3 3.1 3.1 3.1 3.1 3.0 3.0 3.0 2.8 2.5 3.1 . 2.9 3.1 3.1 
10-2 6.0 6.0 '6.0 6.0 6.0 5.9 5.9 5. 7 . 5.4 6.0 5.8 6.0 6.0 
10-l 8.7 8.7 8.7 8.7 8.7 8.6 8.6 8.4 8.2 8. 7- 8.5 8.7 8.1 
1 11.2 11.2 11.2 11.2 11.2 11.1 11.1 10.9 10.7 11.2 11.0 11.2 11.2 

0\ 

00 
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TABLE VII • MULTIPLE SCATTERING DIFFERENTIAL DISTRIBUTION FUNCTION Ff X) 

CF"OM MZ67)e 

R,. 4 5 6 1 8 9 11'1 1'2 
X 

0 loO leO leO leO leO leO leO leO 
e2 .94070 ,94546 ,94850 e95058 e95208 e95321 e95409, i95537 

e4 e78389 ,79992 e81017 e81721 e82232 e82616 e 82916 •83351 
.6 e58102 ,60800 .62535 .63731 .64601 e65259 .65772 •66520 
,a .38726 e41889 ,43939 .45,363 •46402 •47192 .47811 e48716 

1,0 .23800 ,26632 ,28491 .29793 ,30752 t31486 e32063 e32913 

1e2 o14139 e16116 e17437 o18377 .19077 e19616 e20045 •20681 
1.4 .08650 .09681 .10393 ·10911 e11304 ell612 ell859 i12231 
1.6 .05666 .05986 .06226 .06410 .06556 e06673 .06769 .06918 
loS e03899 ,03840 ,03816 .01807 o03805 a03806 ,03809 e03'817 
2.0 ·02685 ,0?.506 .• 02387 e02303 .02240 o02192 o02154 .02097 

2.2 ·01793 ~01628 ,e01507 o01416. .01345 .01288 .01241 .01170 
2e4 .01164 .01048 e00956 .0088'3 e00824 ,00775 e00735 ' .00673 
2,6 .00799 • 00716 .00646 ,oo589 .00543 ,00504 ,0()471 ;00419 

2.8 e00549 .00489 ,00438 .00396 o00361 ,00332 ,00308 ,00269 
3e0 .00397 ,00349 ,00310 e00277 ,00251 e00229 .01'1211 e00182 
3.2 .00300 ,00259 ,00227 .00202 .00181 ,n0164 .• 00150 ,0012fl 

3o4 ,00212 ,00198 ,on 171 ,00151 ,0013c; e00122 ,ootn 1,00094 

3o6 .00182 ,00154 ,01'1112 o00116 o00101 ,(')0091 ,Q(')(')84 ,ooo 71 
3.8 .00145 .00121 .00101 .00090 ~ooo8o .00072 oOM65 

4.0 ;,00115 ,00096 e0008?. .00071 ,00063 ,00056 .ooost 

4.2 t00091 ,00(')77 ,00065 eOI')O'H .• 00050 ,00045 .00041 

4e4 ,00075 ,00062 ,00053 e00046 e00041 ,l'l0037 e00033 

4,6 .ooo62 o00051 ,0004'3 e00038 e00033 ,1')0030 eOM27 
4,8 o00051 ,001'142 ,00016 eOO!'l31 oOI'IC27 .1)0025 e00022 

s.o e0004'3 '.0'>035 e00030 e00026 ,00021 ,1)0021 e00019 

5.2 .ooo;6 .ooo;o ,000?5' o00022 .00019 ,1)0018· e00016 

5.4 ,·00030 1 000?5 6000?1 ,00019 ,00016 .ooots ,00013 

5.6 t00026 o000.21 .nr)OlA .oont6 ,00014 ,1)01)13 
r;,o ,ooon o00019 ,'}0016 ,00014 • 00(')12 .00011 

6.0 .ooot~ e00!'ll6 ,00014 .oM 12 tOOOlfl e00010 
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TABLE VIlle MtJLTl~lE SCATTERING INTEGRAL I>ISTRI'BUTION FUNCTION. 
GIVEN IS THE FRACTiON OF·-··fNCIOENT PARTlCLES FOUND 

4.2 
4e4 
4e6 
4.8 
s.o 

5.2 
5.4 
5.6 
5.8 
6.0 

7.0 
8,o 
9.0 

1o.o 

B= 

TNS.f.':OE A CONE OF H~lf. A~GLE_ Xe 

4 

,04617 

e16893 
e33004 
,48890 
,61973 

• 716'12 
,78446 
,83429 
,87231 
,90166 

,92375 

,93964 
,95110 
e95964 
,96607 

,97115 

.97529 
,9787'2 

,98158 
,98398 

,98600. 

,98771 
,98917 

.99043 
,99152 

• 992'4 7 
,99331 
,9'9405 
.99470 
,99530 

,99655 

,99736 
,99791 
• 998·31 

5 

,04r4~1 

e16330 
• 322'59 
.48427 
,62202 

.72641 

.80062 
e852.69 
.88987 
,9'1679 

,93623 

.94997 
,95983 
.96714 
.97259 

.97684 

.98024 
,98302 

.98531 
,98722 

.98882 
,9901'8 
e99134 
.99233 
,99320 

.993'95 

.99461 
e99519 
.99571 
,99618 

.99720 
,99785 
.99830 
.99863 

6 

,043'20-

.15993 
• 31-81'5 
,481.56 
,6235·9 . 

.73300 

.81102 
,86473 
,90159' 

,92709 

.94485 
,95714 
,96584 

.97224 
,97697 

,98062 
,98351 
,98584 
,98776 
,989'34 

,9·9067 
,99179 
,99275 
e993·57 
.99429 

.99491 
,99;5,45 

.99594 
,99637 
,99676 

,9'9762 

,99818 
,99856 
,998'83 

7 

,oti2:4·7-

.t5773 
•31523· 
.47981 
•. 6247~ 

• 7:3'759 

e81'829 
.8732·4 
,9099;8 
,934'57 

• 9511.8 

,96242 
,97026 
e97'59·6 
,98014 

,98334 
.98584 
e98786 
,98950 
,99086 

,99199 
,9929'5 
,99377 
,99447 
,99508 

•. 99561 
,99607 
;99648 
e9968;5 
,99719 

,99793 

,99842 
,9987'5 
,998'99 

8 

e04195 

.15616 
e3'131.6 
,47856 
e62'554 

.74088 
e8'2357 
e8794:8 
,91620 

e94016 

,95591 

e96636 
,97353 
.978:69 
,98244 

.98528 

.98'7'50 
,98927 
,99071 
,99189 

,992'88 
,99'3'1'2 
,99443 
,99504 
,9955:7 

,9960~ 

,99'644 
,99'680 
,99712 
,99741 

,9'9810 

,998'54 
e99885 
,99'907 

9 

,04153 
.1'5485 

,3113'2 
,47716 
,625'55 

.742~6 

.82679 
,88!40 
,92011 
.9435'8 

.95868 

• 968'49 
.97'5r3 
.9798'5 
.98325 

.985·8'1 

.98779 
,9893'8 

.99066 
,99172 

.992'6'0 

.99'3'34 

.99397' 
e991f.,52 
,99500 

.995·41 
,99578 

.99'610 

.99639 
,99666 

e99755 
.9CJi812 
.99'8'5'2 
,99880 

10 

.041'23 
.r5~39'3 

• 3'10'08 
•• 763'7 
.62592 

.74449 

.82981 
e88704 
.92'3.78 
e9'4·690 

.961:49 

.97080 

.97700 

.91H36 
• 98,.4 7 

.96680 
e98'860 
,99002 

e99117 
e99212 

.99'291 
,99357 
.99413 

.994·62 
e99504 

• qC}4j4l 

e9957'3 
.99602 
e99'628 
.9%:51 

.99744 
,99804 
.99845 
.99874 

.04078 
e15'25!3 
• 308:}4 
•• 7.9:6 

·6·2•6'14 

.746;7.6 

.8·3'380 
e891'94 

e92'875 
,951·36 

e9'6519 
•97'37'5 
,97928 
.9'8308 
• 9'857'5 

e98'77'2 
e9'8924 
,99043 
e99140 
,992'24 

e99'2'9'6 
,99'359 
.9~'li3 

.99461 
e99503 

.~ct·'5lH 

e99574 
,99'604 
,99631 
e99'65'5 

,99747 

t99806 
e99847 
.998•76 
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Table IX 

Critical energy Tc and Radiation length X
0 

for various substances . 

(H. A. Bethe and J. Ashkin, Experimental Nuc·lear Physics, Vol. I, p. 166; 

John Wiley and Sons, New York, 1952). 

Substance T (MeV) xo (g/cm2) c 

Hydrogen 340 58 

Helium 220 85 

Carbon 103 42.5 

Nitrogen 87 38 

Oxygen 77 34.2 

Aluminum 47 23.9 

Argon 34.5 19.4 

Iron 24. 13.8 

Copper 21.5 12.8 

Lead 6.9 5.8 

Air 83 36.5 

Water 93 35.9 



.. 

Table X 

The comparison of maximum electron ranges 1\nax with Spencer's X • max 
Positrons of 0.1 MeV are 

indicated.by 0.1" Experimental ranges from GF59; csda ranges from BS67; ~ is the value 

at which J~:x) reaches a value of 0.001 (SP59). 

T 1\nax csda Spencer's 1\nax. csda Spencer's 
(MeV). exp. range ratio ~ exp. range ratio ~ 

Al~num Copper 

0.05 5.05 5.71 0.884 0.875 5.42 6.90 0.786 0.775 

0.10 15.44 18.64 0.829 .0.875 17.1 22.1 0.772 0.775 

0.10- 14.4 17.3 0.832 - 16.1 20.7 o. 778 . 

0.15 31.0 36.4 0.850 0.875 34.0 42.8 0.795 0.760 

Silver Gold 

0.05 5.04 7.99 0.63 . o. 70 4.73 9.88 0.48 

0.10 15.6 25.2 0.62 0.67 14.3 30.3 0.47 0.57 

0.10- 16.5 23.5 0.70 18.5 . 28.2 0.66 . 

0.15 30.2 48.4 0.62 0.65 27.6 57.5 0.48 
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Table ·xr 

Average energy w for the formation of an ion pair for various particles. 

Particle t3 P. ex Fission fragments 
light ·heavy 

T (MeV) - 0.3 l 5 90 60 
Gas 

H2 36.6 36.2' 

He 41.5 46.0 

N2 34.6 36.6 36.39 

02 31.8 31.5 32.3 

Ne 36.2 28.6 35.7 / 

A 26.2 26.4 26.3 28.0 29.5 

Kr 24.3 24.0 

Xe 21.9 22.8 

air 33.7 36.0 34.98 

co2 32.9 34.9 34.1 

CH4 27.3 29.1 

C2H2 25.7 27.3 

C2H4 26.3 28.03 

' 

C2H6 24.6 26.6 

C3H8 27.8 

C4Hl0 23.0 24.8 

C6H14 22.4 

BF
3 

35.6 

NH
3 

34.8 30.5 

C')Hr.OH 
'- .) 

j2.6 

C Cl2F2 . 29.5 

s 02 32.5 

H20 30.1 37.6 
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L-SHELL 

\ 

1\ \ ' 
1"'1 

TJJ 
1.5 14 10 30 

J 

ll. 1 
4 7 10 . 20 40 70 100 

XBL. 696-659 

Fig. 1. First Born app~oximation of the excitation function J for L-shell 

electrons relative to free electron excitation function J'=l;w2 

Plotted is J/J' = J w2 as a function· of S-ray energy W = E/ 

. [13.6eV(Z - 4.15)
2
] • The "ionization" energy Wmin ~ IL is approxi

mately 0.09 for Al, 0.17 for Pb. The matrix elements are calculated 

with. hydrogenic wave functions. In Bohr's papers, the rise at small 

W is described as a resonance effect. 
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0~--~~~~--~~----~ 

-2.5 

-5~~- --~L---~--~~~--~~--~----~~----~----~--~~~ 
.01 

XBL 696-658 

Fig. 2. The stopping number B = f W J dW for L-shell electrons in copper. Also 
. 2 

given is the asymptotic expression B' = ST., ln(2mv /IL). The difference 

between the two functions is the shell correction C , Eq. (3-3); it is 

a basic part of the quantum mechanical theory • 
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......... - 1--
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XBL 696-654 

Fig. 3. The ~actional multiple-scattering correction for ~ifferent 

elements as a function of proton energy T. The experimental 

me~an projected range Rm is related to the csda range R
0 

through R = R + t:.R. Corrections due to nuclear diffraction 
o m 

scattering are neglected. Accuracy 10 to 2Q%. 
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~ 0.1 
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2 4 7 10 

TIZ MeV) 

XBL696-2957 

Fig. 4. PracLlcal shell corrections C/Z for particles of charge +1. The 

abscissa is T/Z = Ti/(mrZ)., see Eq. (3-8). For Z ~ 25 , 

Walske 1 s, and. for Z > 25 . , Bonderup 1 s shell corrections are 

modified to fit experimental .data for prptons and deuterons. In 

this procedure, ·deviations from the first Born .approximation are 

included .in C/Z, and the shell corrections depend on the 

incident :particle che.l"ge z. .!!'or c/z < -O.l, the Bonderup cor

rections do not fit the data well. 
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I 
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64 ,72 80 88 

XBL696-2958 

The mean excitation energy I for different elements. Given 
ave 

is I /Z versus Z. For H
2

, I = 19.2 eV, for He, 
ave ave 

I = 41.3 eV, from~ -particle measurements. The values 
ave 

r~present the authors present opinion, and may change by several 

percent. The strong fluctuations found for neighboring elements 

are significant though. 
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Fig. 6. Range-energy relation for low energy ions. The dimension less 

parameters £ (for the ~inetic energy) and p (for the range) are 

defined in Eqs. (6-4) and (6-5). The parameter k, Eq. (6-8), is 

related.to the low energy electronic stopping power. 
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Fig. 7. Contour lines far the straggling distribution function 

~ [~(6u) = -tuf(6)ds were f(6) is the Vavilov function] 

in silicon for particl~s of velocity (3
2 = 0.04 (T ~ 20 MeV 

for protons). The curves are similar for other velocities. 

The Vavilov theory has been modified for the quantum mechanical 

corrections. The Vavilov parameter is 

d?.v = 7.49 • l0-
2
szz(l-fl)/ f3

4 

(for silicon; sin gjcm
2

). Plotted is the energy loss p 

(dimension less) W.ich exceeds the energy loss of ~% of 

the incident particles. The actual energy loss is . 6 = 6 + p 6 

where 6 is the mean energy loss (6 = ssr, and 6 is the 

standard deviation 

J 2 2 2 2 
Q = 78,250 s z (1 - f3 /2)/(1 - f3 ) . key2 

Example: 
2 2 

4o MeV protons, s = 0.02 g/cm , f3 = 0.08, 

~V = 0.22, 6 = 0.02 • 11.72.= 0.234 MeV, 6 = 4o KeV. For 

6 = 6 , p = 0 , and about 58% of all the protons lose less 

than 234 keV •. The exact answer is 61.6%. On the other hand, 

for ~ = 96% , p "'2.0 and 6 = 234 + 80 k.eV = 314 keV. 

Thus, 4% of the protons lose more than 314 keV (the exact 

answer is 3l5 keV). 
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Fig. 8. The ratio ~/M2 .of the second moments 

Eq •. (2-2), and the free electron cross 

L-shell. The curves apply for silicon 

Silver (0.135) and lead (0.167). 

XBL 696-656 

of the quantum mechanical, 

sections, Eq. (2-1), for the 

(W . = 0.093), copper (0.115) 
nun 



4 7 10 

L-SHELL 

4 

T}L 

20 

83. 

40 70 100 

XBL 696-655 

Fig. 9. The ratio ·~/r·i) of the .third moments for the L-shell (see Fig. 8 

for the elements). Notice that the asymmetry (skewness) is reduced 

at lower energies. 
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Fig~ 10. The range straggling parameter 6 /R (%) for protons of kinetic 

energy T. in different elements. 6 /R is corrected for the· 

quantum mechanical effects (estimated from Fig. 8). 
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Fig. 11. Calculated electron mass stopping power S , including 

collision and radiation loss for different materials (BS67). 

The stopping power for Na I is within 1% of S for Ag. 
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Fig. 12. Absorption curve of mono-energetic electrons. R is defined 
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as the extrapolated range, R as the maximum range (BK58). 
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Fig. 13. Practical range in aluminum versus electron energy (KK68) . 
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