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Auger Electrons from Argon with Energies 150-210 eV 
Produced by H+ and H,' Impacts* 

D. J. volzt  and M. E.  Rudd 
Behlen Laboratory o f P h y s i c s ,  University of Nebraska, Lincoln, ~Vebraska 68508 

(Received 27 April 1970) 

Secondary electrons in the energy range 150-210eV produced by 125-300-keV H+ and H; im- 
pacts on argon gas a r e  measured a s  a function of their energy and angle of emission. Discrete 
line spectra a r e  due to Auger transitions from L2 and L3 vacancy states a s  well a s  satellite 
transitions from multivacancy states. The widths, energies, and branching ratios of the L2 
and L3 vacancy states a r e  presented. Widths of these states a r e  appreciably greater than 
those obtained with electron impact excitation. This can be attributed to the recoil velocities 
of the target atom and to the presence of the proton in the vicinity of the emitting atom. The 
angular distribution of Auger electrons i s  found to be nearly isotropic, in marked contrast to 
electrons in the continum spectrum. The cross  sections for the production of L2,3 and L3 
vacancy states a r e  determined as  a function of impact energy. 

I. INTRODUCTION 

When electrons emitted from photon-, electron-, 
or ion-atom collisions a r e  energy-analyzed with 
sufficient resolution, structure appears in the 
spectrum which results from autoionization or 
Auger transitions in the atom. Earlier work at 
this laboratory1 has shown that two of the electron 
energy regions of interest in argon a r e  0-15 and 
150-210 eV. The low-energy fine structure is 
associated with excitations of M-shell electrons, 
while the higher-energy peaks a re  Auger transi- 
tions from single L -shell vacancy states and 
satellite lines from simultaneous L-  and M-shell 
vacancies. 

Using electron jmpact excitation, ~ e h l h o r n '  

and Mehlhorn and stahlherm3 have studied Auger 
transitions from L1, and L 2 ,  and L, vacancies in 
argon. Nakamura et al. have investigated struc- 
ture near the L, and L, edges in argon by absorp- 
tion of synchrotron light and obtain values for the 
energies of these edges. ~ e s l a t t e s '  has deduced 
new values of the L ,  and L ,  levels from K-series 
x-ray measurements. Ogurtsov and c o - ~ o r k e r s ' * ~  
have studies the production of vacancy states in 
argon using HI, Ne', and Ar' beams up to 20 
keV. cacak8 has made cross-section measure- 
ments at low resolution of the production of argon 
vacancy states by Ar+ beams from 50 to 300 keV. 

This paper reports on fairly high-resolution 
measurements of energies and intensities of Auger 
and satellite lines in the 150-210 eV region of the 
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argon spectrum excited by collisions of H' and 
H,' ions of 125-300-keV energv.. The angular 
distribution of electrons from four transitions i s  
measured, branching rat ios from initial single 
vacancy states a r e  given, widths of the lines cor- 
rected for  analyzer broadening a re  determined, 
and absolute values of excitation c ros s  sections 
a r e  presented. 

11. EXPERIMENTAL ARRANGEMENT 

The apparatus is similar  t o  that described pre-  
viously. 9'10 Ion beams of 125 -300-keV energy a r e  
magnetically analyzed before entering the collision 
chamber. The energy drift during a typical run i s  
l e s s  than 1 keV. The chamber i s  equipped with 
ports  a t  nine angles between 10 and 1603, t o  any 
one of which a parallel-plate electrostatic analyzer 
may be attached. Three pa i rs  of mutually perpen- 
dicular 120-cm-diam Helmholtz coils a r e  used to  
compensate for  the earth 's  magnetic field and 
s t ray  60-Hz fields in the collision region. 

The pressure  of the target  gas, measured by 
a Baratron capacitance manometer, i s  between 
1 . 2  and 1 . 6  mTorr.  Data of Normand" a r e  used to 
correct  for  the absorption of electrons between 
the collision region and the detector. The t rans-  
mission 1 i s  about 80% at  the pressures  used. 

Individual electrons a r e  detected by a Dumont 
electroilmultiplier with copper-beryllium dynodes. 
Pulses a r e  amplified and converted to a dc voltage 
proportional t o  count rate.  This voltage is  divided 
by a voltage proportional to the primary ion beam 
current. The resulting rat io i s  continuously 
plotted on the y axis of a recorder,  while the x 
axis displays the electron energy. The parallel- 
plate analyzer i s  operated with a constant voltage 
between the plates while the back plate voltage i s  
varied. This mode of operation ensures a con- 
stant resolution a s  the spectrum i s  scanned. The 
resolution i s  varied by changing the front-to-back 
plate voltage. In the work reported here  the full 
widths a t  half -maximum (FwHM) of the t ransmis-  
sion function of the analyzer a r e  0.9 and 0.22 eV. 

111. DATA ANALYSIS 

The primary quantity measured in this experi- 
ment is the doubly differential c ross  section 
a(E, 0), where E i s  the ejected electron energy 
and 0 i s  the angle between the primary ion beam 
and the path of the electron. The number of elec- 
t rons pe r  second a t  the detector i s  

where I. represents  the number of incident ions 
per  second, n i s  the density of target  atoms, Ax 
i s  the length of beam viewed by the analyzer, A 0  
i s  the mean solid angle subtended a t  the scattering 

center by the analyzer entrance slit, and t is the 
transmission of the target gas  for  electrons. The 
transmission function of the analyzer i s  f (E,  E,), 
where E,  i s  the mean energy the analyzer i s  se t  
t o  accept. The integral in (1) is over the t rans-  
mission function of the analyzer. This equation 
assumes that u (E, 0 )  does not vary appreciably 
over the range of angles accepted by the defining 
slits. The approximate angular range for  the 
analyzer used i s  i 1. 2". 

On the basis of a simple theory of electrostatic 
analyzers which neglects the angular aberration 
te rms,  the transmission function i s  trapezoidal 
in shape with the base width proportional t o  the 
sum of the widths of the entrance and exit s l i t s  and 
a top width proportional t o  the difference of the 
widths of the same slits. The parameters of the 
transmission function a r e  determined by the use 
d an electron gun mounted to simulate electrons 
emitted from the collision region. 

The experimental arrangement is such that the 
ordinate of the graph from the recorder i s  propor- 
tional to the ratio n, / I,. Using the result  quoted 
by Kuyatt for  AxA 0, and substituting for n from 
the ideal-gas law, we obtain the following expres- 
sion for  the ordinate: 

where P i s  the gas pressure  and T i t s  temperature. 
We ignore the small  dependence of t on electron 
energy over the range investigated. We also omit 
factors correcting for  the focusing of the electron 
beam prior to entering the analyzer and the effi- 
ciency of the electron detector. Neither of these 
effects i s  found to be important. 

It i s  necessary to determine the constant of pro- 
portionality in (2) in order to obtain values of 
n ( E ,  0). This i s  done by comparison with absolute 
c ross-  section measurements in the continuum made 
under lower resolution in this laboratory. l3 The com- 
parison i s  made over a wide range of primary ion 
energies and angles of ejection for electrons of 
150-eV energy. Determined in this way, the un- 
certainty in our absolute values of c ros s  sections 
i s  i 50%. 

We assume that the c ros s  section representing 
an Auger transition from state i to state j i s  of the 
Brcit-Wigner form14 

where Ti i s  the FWHM and hVij i s  the mean energy 
of the transition. The normalization i s  such that 
I i j  ( 8 )  i s  the c ros s  section for the transition dif- 
ferential in angle only. 

To find the linewidth ri i t  i s  necessary to account 
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for  the effect of the analyzer resolution since i t  
contributes a comparable width. This i s  done a s  
follows. Define the convolution S (E, - Wij,  ri ) 
of the Breit-Wigner line shape with the analyzer 
transmission function by the equation 

The integration i s  performed analytically to obtain 
the function S. With the measured parameters of 
the analyzer transmission function and a proper 
choice of the linewidth, the calculated function S 
very closely approximates the measured line shapes. 
A plot of the FWHM of the function S versus  ri i s  
used in determining actual linewidths from the 
measured widths. 

If Eq. (4) i s  now integrated over E,, we have on 
the right-hand side just the a r ea  under a peak of 
the experimental curve which i s  shown by ~ u y a t t ' ,  
to reduce to the product of Ii, (8) and the a r ea  under 
the transmission function of the analyzer. This 
implies that for  any analyzer the integral of S over 
E, equals the a r ea  under the transmission function 
of the analyzer. We have shown for our specific 
function that this i s  t rue.  This enables u s  to de- 
termine the differential c ros s  section Iij (8) for  a 
given transition either from a measurement of the 
a r ea  under the corresponding peak on the graph or  
by fitting S(E, - Wij , r, ) to the shape of the peak. 
Having determined Iij ( 8 )  a s  a function of angle we 
can integrate over all angles to obtain the c ros s  
section Ii, which i s  the emission c ros s  section for 
a given transition. In addition, if we sum the c r o s s  
sections of al l  possible autoionizing transitions from 
an initial s tate i we obtain the c ros s  section I, for  
depopulation of this state via autoionization. The 
quantity Ii i s  equal to the excitation c ros s  section 
of s tate provided two conditions a r e  met. One i s  
that the level i i s  not populated by radiative or  
nonradiative transitions from a higher level, and 
the second i s  that the only mode of depopulation of 
level i i s  through autoionization. In the work r e -  
ported here the f i r s t  condition would imply the ab- 
sence of autoionizing transitions from higher levels. 
Such transitions a r e  not observed in our work. The 
second condition is met to a very good approxima- 
tion since the L fluorescence yield for  argon i s  
very small ,  probably l e s s  than 1%. l 5  

IV. RESULTS AND DISCUSSION 

A. Identification of Tra~lsitions 

The spectrum of secondary electrons has the 
usual continuum, probably owing to direct  Coulomb 
ionization, and peaks o r  lines due to both Auger 
and satellite transitions. To facilitate subtraction 
of the continuum, runs were made into the continuum 

at  both ends of the fine-structure region and a 
smooth curve constructed by extrapolation. 

To verify previous  identification^"^ of transi- 
tions f rom L, and L3 states which were made pri- 
marily by comparing the energy differences of the 
experimental lines with known differences of pos- 
sible final s tates,  a technique i s  employed which 
may prove of general usefulness. This method 
makes use  of the fact that certain classes of s tates 
a r e  relatively more strongly excited by ions of one 
type than by those of another. We use both H' and 
H,' ions for  this method of identification. The 
spectra at  moderate resolution a r e  shown in Figs. 
1 and 2. The peaks a r e  numbered arbitrari ly fo r  
identification. 

We define a rat io 

relating the intensities of two transitions a s  pro- 
duced by a particular ion. By choosing a given 
line to represent  the j to I transition, Rij,, can be 
calculated for  al l  lines with respect  to this "stan- 
dard. " The quantity 

i s  then examined to group the transitions. The 
ratio difference R equals zero if the two transitions 
a r e  from the same initial level, i .  e. , i = j , or  if 
the two transitions a r e  from different levels which 
a r e  excited in the same ratio by H' and H,'. Con- 
versely if R #O the transitions a r e  from different 
levels and one of these states i s  relatively more 
strongly excited by one of the ions. 

The histograms of Fig. 3 show the ratio differ- 
ence R plotted fo r  various lines using both an Auger 
line (No. 25) and a satellite line (No. 22) for the 
standard. All previously identified Auger lines 
from L,,, vacancy states (Nos. 9, 11, 15-17, 19, 
24-26, and 27) except No. 19 have R values within 
0.05 of zero in Fig. 3(b) in conformity with the 
above discussion. The line No. 19 i s  anunresolved 
combination of an Auger and a satellite transition. 
It i s  doubtful that L, transitions can be separated 
from L3 transitions with this technique since within 
the accuracy of our data these levels a r e  excited 
in the same rat io by H' and Hz+. The above dis- 
cussion can be applied to the satellite lines Nos. 12, 
18, 20-22, and 23. Further identification of these 
satellite lines cannot be made until the resolution 
i s  improved, 

In some cases  the same projectile at  two differ- 
ent energies will excite levels differently, in  which 
case  this  method may also be used. 

B.  Calibration of Energy Scale 

The energy in eV of electrons passed by the par-  
allel-plate analyzer i s  relatedg to the front and 
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FIG. 1. Spectrum of electrons at 130" 
from 300-keV 13'-Ar collisions. The %I!' 

P B  

analyzer resolution was 0 . 9  eV. The 
dashed line representing the continuum 
is estimated by extrapolation from the 
coiltinuum at both ends. The peaks are  
numbered arbitrarily for identification. 

back plate potentials (V ,  and V,, respectively) by 
the equation 

E = v , / c + ( c - 1 ) v S / c ,  

N 27 
' 0  I 

-----___ 
160 170 180 190 200  210 eV 

4 N 1  I I I I 

ELECTRON ENERGY 

- 

18 

where  c is the constant of the analyzer .  If the po- 
tential difference Vf= V ,  - V, is held constant, then 
the relation reduces  to  E =  Va+ const,  and the sca le  
fac tor  h a s  disappeared. Then calibration of the 
energy sca le  requ i res  only a single known energy 
line. F o r  th i s  we have taken the energy of L3 to  b e  
248.43 ~t 0.05 eV a s  given by Deslat tes ,  and the 
ill:,, (IS) s ta te  to  be  a t  47. 51 eV f r o m  the compi- 
lation by ~ o o r e "  thus giving 200.92 eV for  the 
energy of peak No. 24. T h i s  i s  chosen a s  the stan- 
dard  s ince i t  is a singlet with no interfering satel-  
l i te t ransi t ions.  F r o m  this  s tandard a l l  other  peak 

1 

energies  a r e  measured and the resu l t s  a r e  given 
in Tables  I and 11. The higher-resolution s p e c t r a  
f r o m  which these measurements  a r e  taken a r e  
shown in Figs.  4 and 5. 

The calculated energies  in  Table I a r e  obtained 
by assuming the energies  of the L3 and L, s ta tes  
as 248.43 and 250.60 eV, respectively, and using 
the final-state energies  f r o m  Moore16 f o r  a l l  ex- 
cept the s ta te  ,\[; (IS).  Since th i s  i s  not available 
spectroscopically we u s e  the value 70.61 eV a s  
determined by Mehlhorn. The lines Nos. 17, 19, 
26, and 27 al l  involve a t r iplet  final state. Since 
we do not resolve the t r iplet  s t ruc ture  the calcu- 
lated energies  a r e  a weighted average. The weight- 
ing factors ,  which were  different for  the two clif- 
fe reu t  initial s ta tes ,  a r e  taken f r o m  Mehlhorn. 

FIG. 2. Spectrum of electrons at 130" 
from 300-keV H;-Ar collisions. Reso- 
lution was 0 . 9  cV.  

160 170 180 190 200 210 eV 
I I I # I 

ELECTRON ENERGY 
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FIG. 3. Histogram used to group tran- 
sitions arising from same  initial state. 
Peaks which have smal l  o r  zero ratio dif- 
ferences originate from the same state 
a s  the standard o r  a r e  excited in the s ame  
ratio. (a) Standard is a satellite line. 03) 
Standard i s  the Auger transition L~-,w~,,, 
(ID) A e .  

I 8 9 10 ll 12 13 14 15 16 16.5 17 I8 IS 19.5 20 21 22 23 24 25 26 27 

PEAK NUMBER 

The agreement between our measured energies, Our value of the L,-L, spacing is 2.17 1t0, 07 
the calculated values, and those measured by eV, which compares favorably with the values 
Mehlhorn i s  generally very good. The chief ex- 2.18 of ~ e s l a t t e s ~  and 2.14rt0.02 eVof Mehlhorn, 
ception involves the M: ( IS )  state, which by our but poorly with Nakamura's value4 of 2 .03  and 
measurements, should be a t  70.72  eV, somewhat Liudh's l7 2 .07 eV. A definitive new measurement 
higher than Mehlhorn's value. of the spin splitting has been made by Krause, lB 

TABLE I. Transition energies and linewidths: L-MAT transitions. 

Final state Peak Xeasureda ~ a l c u l a t e c l ~  iLIehlhorn Linewidth 
KO. energy energy (eV) (Ref. 3) (eV 50.05 eV) 

(eV i- 0.07 eT7) (eVi-0.25eV) 
- 

L2 Initial state 

L~ ( 2 ~ 3 , 2 )  Initial state 

'Peak No. 24 was taken a s  the standard with an energy of 200.92 eV. 

b~a lcu la t ed  using the values 238.33 and 250.60 eV fo r  the L3 and L2 states and using final-state energies determined 
from Ref. 16 except the value 70.61 eV was taken from Ref. 3 for the hi': (IS) state. 
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TABLE 11. 'Transition energ ies  and re la t ive  intensi t ies:  l ine shape and the analyzer t ransmission function. 
sa te l l i t e  l ines .  

Pcali No. Measured Relative 
energy  intensitya 

(eV-tO.07 eV) (No. 24= 100) 

1 160 .39  18 
2 162 .61  1 4  
3 164.68 1 9  
4 166 .45  23 
5 169 .75  23 
6 171.42 21 
7 173.33 3 5 
7 . 5  175 .32  1 4  
7 . 6  175 .72  20 
8 176.29 44 
9 . 6  178.31 14 

10 178 .72  5 5 
1 0 . 5  179.22 17 
12 180.70 90 
12 .5  181 .83  30 
1 3  182.94 26 
14 184 .22  44 
16 .5  190.31 10 
18 192 .08  96 
18 .6  192 .48  4 
1 5 . 9  192.76 87 
1 9 . 5  193.79 93 
19 .6  194 .05  8 
20 194.47 140 
2 1 195 .38  7 7 
22 1 9 6 . 4 1  120 
22.5 197 .33  23 
23 197 .97  3 7 

aRelative inlensi t ies  of peaks Kos. 1-6 a r e  n leasured  
with 300-keV I$* impac t s .  The r e s t  a r e  m e a s u r e d  with 
275-BeV H +  impac t s .  The  uncertaint ies  of 1-6 a r e  + 20% 
while the r e s t  a r e  + l o % .  

who used a spherical  e lectrostat ic  analyzer to  pro-  
duce an h u g e r  spectrum of electrons f r o m  argon 
excited by 3.97-keV electron impact .  His value 
is 2.163 *0.011 eV. 

C. Cross Sections and Branching Ratios 

The summation of emission c r o s s  sect ions f o r  
var ious t ransi t ions f r o m  a given initial s ta te  is 
done by a combination of the two methods described 
in Sec. 111. The a r e a  under a pair  of unresolved 
peaks could be  measured (with a planimeter)  to  
yield the sum of the c r o s s  sect ions fo r  two t rans i -  
tions more  accurately than ei ther  transition could 
be determined separately.  F o r  th i s  reason the 
s u m  of the L, and L, excitation c r o s s  sect ions is 
more  accurate  than the excitation c r o s s  section 
determined for  each level.  T o  obtain c r o s s  sec-  
tions f o r  individual t ransi t ions in  regions where 
n different transitions contributed intensity to  the 
spectrum, an n x n  matr ix  is solved, each element 
of which w a s  the convolution of the Breit-Wigner 

The solution yields the values I,, (8) fo r  each t rans i -  
tion. F r o m  these resu l t s  the branching ra t ios  a r e  
obtained and a r e  listed in  Table 111. The agree-  
ment with Mehlhorn's values is only fa i r .  Our 
s p e c t r a  a r e  somewhat noisier than h i s  and, fur ther-  
more ,  s ince ion collisions produce double vacancy 
s t a t e s  m o r e  strongly than electrons,  lg in  some 
c a s e s  an interfering satel l i te  transition causes  a 
g r e a t e r  e r r o r  in our work than in the electron 
work. 

The rat io  of L, to L,, level c r o s s  sect ions should 
be  equal to the rat io  of the 2 j +  1 values f o r  the 
levels  and, within our experimental uncertainty, 
this  i s  found to be  so .  

Table TV gives a coniparison between the exci- 
tation of various levels  by protons and by Hz* ions 
of the s a m e  velocity o r  of the s a m e  energy. F r o m  
simple considerations i t  may be expected that the 
rat io  of excitation by 300-keV Hz' to that by 150- 
keV H' should be unity. Although this is almost  

188 190 192 194 #V 

ELECTRON ENERGY 

FIG. 4. High-resolution s p e c t r u m  a t  160" f o r  275- 
keV H*-Ar col l is ions.  The Auger  t ransi t ions are labeled 
by the i r  ini t ia l  vacancy s ta les .  Resolution 0 .22  eV. 



A U G E R  E L E C T R O N S  F R O M  A R G O N  W I T H  E N E R G I E S  . . .  

FIG. 6. Cross section for the production of single 
vacancy states versus proton impact energy. Upper 
curve i s  for the sum of the cross sections for producing 
L2 and LS vacancies. 

FIG. 5.  High-resolution spectrum at 160" for 275- 
keV H*-Ar collisions. Iiesolution 0.22 eV. 

t r u e  f o r  the L, and L, s ta tes ,  i t  is not f o r  the 
multivacancy s tates .  The  factor  of 2 difference 
in  the population of the single and multiple vacancy 
s t a t e s  c rea ted  by 300-keV project i les  of the two 
types is the prerequisi te  f o r  the effectiveness of 
the  identification procedure described in Sec. 11. 

Figure 6 shows the  variation with proton energy 
of the c r o s s  section f o r  producing L, vacancies  
and the sum of the  c r o s s  sect ions f o r  producing 
L, and L, vacancies .  F o r  both there  is an approx- 
imately l inear  increase  with energy. T h e r e  a r e  
a t  l e a s t  two p r o c e s s e s  which could produce the 
observed vacancies: ionization and asymmetr ica l  
charge t rans fe r .  Two theoret ical  methods of 
calculating the ionization c r o s s  section20f21 give 
c r o s s  sect ions higher than our  data. Calculations 
of the  charge t rans fe r  give both higherzz and lower 
values. Fur ther  work needs to  be  done on the 
theory of the production of vacancy s t a t e s  in  the 
range of ion velocities comparable to  the electron 
velocities i n  the shel l  under study. 

D. Angular Distributions 

Runs made a t  a l l  nine angles f r o m  10 to 160" f o r  
300-keV protons on a rgon  determine the emiss ion  
c r o s s  sect ion as a function of angle f o r  four of the 
Auger t ransi t ions.  These  a r e  shown in Fig. 7. 
The e r r o r  b a r s  represen t  the reproducibility of 
the  data  taken a t  the two opposing 90" ports .  The  
four t ransi t ions appear  to  b e  essentially isotropic ,  
with only slight var iat ions with angle apparent.  

Although these  variat ions a r e  mostly within ex- 
perimental  uncertaint ies ,  a n  attempt is made to 
f i t  the curve  f o r  l ine No.25 with a s e r i e s  of spher -  
ical  harmonics .  A leas t - squares  f i t  yields the 
equation 

\ 
\ CONTINUUM . - - - - - - - - - - 

215 eV I 
1 8 ~ 5  

0 30 6 0  90 120 150 
ANGLE OF EMISSION 

FIG. 7. Angular distribution of electrons from 300- 
keV H"-Ar collisions for four Auger transitions and for 
continuum electrons at 215 eV. The distribution for peak 
No. 25 is  fitted by a series of spherical harmonics (see 
text). The units of the ordinate a re  m2/sr for the Auger 
transitions and represents areas integrated under the 
peaks. The units a re  mz/ev sr for the continuum cross 
sections. 
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TABLE 111. Branching ratios for L-h2M Auger transitions. 

Final L2-~U'~W Mehlhorn L3-IWM Mehlhorn Mehlhorn 

state Present expt Present expt expt 

expt (Ref. 3) expt (Ref. 3) (Ref. 3) 

1 ~ ~ ( 8 ) =  14.16 - 1. 23 Y,,+ 1 .87  Y4, Coulomb potential is about 0.24 eV and the c o r r e -  

in  uni ts  of m2 /sr. A plot of th i s  equation i s  
shown f o r  line No. 25 in Fig. 7. The fit  is slightly 
be t te r  than f o r  a s t raight  line. F o r  comparison 
the c r o s s  section f o r  producing electrons in the 
continuum a t  215 eV i s  shown. By contrast  a 
s t rong  angular dependence is evident with relatively 
few electrons of that energy found a t  angles above 
90". 

E. Linewidths 

The method described in Sec. I11 is used to de- 
t e rmine  the widths of l ines  originating f rom the 
L, and L, s t a t e s  f r o m  the measured widths f o r  
the various t ransi t ions f r o m  these s ta tes .  The 
resu l t s  a r e  given in Table I .  Widths measured in 
th i s  way vary f r o m  0 .24  to 0 .40  eV, values con- 
siderably above the 0. 16 1 0 . 0 2  eV of ~ e h l h o r n ~ " ~  
and Rubinstein's theoret ical  value 25 of 0 . 1 0  eV. 
The agreement  is bet ter  with the value 0. 25 * 0 . 1  
eV given by Deslat tes  26 but h i s  value represen ts  
an upper limit.  In some c a s e s  (notably peaks 
Nos. 17 and 19) i t  i s  possible that there  a r e  nearby 
unresolved satel l i te  l ines  adding to the apparent 
widths. After eliminating such l ines  we obtain an 
average of 0 .28  eV. 

There  a r e  a t  l eas t  two effects which contribute 

sponding Doppler spread  viewed f rom 160" i s  about 
0. 036 eV. The recoi l  f r o m  an electron impact,  on 
the other hand, i s  negligible. 

Another effect on the linewidth comes f r o m  the 
presence  of the projectile ion near  the atom at  the 
t i m e  the Auger electron i s  emitted. If the mean 
lifetime of an Auger s ta te  is 4 x 10'15 s e c ,  a 300- 
keV proton i s ,  on the average,  about 300 A away 
at  the moment of emission. The potential a t  that 
distance f r o m  a proton i s  ra i sed  by about 0 .05  V .  
B a r k e r  and B e r r y  have worked out the theory of 
the broadening by this  mechanism, and using their  
resu l t s  we find this  contributes about 0. 054 eV to 
the width. Since the velocity of Mehthorn's 2-keV 
electrons i s  about 3. 5 t imes  a s  g rea t  a s  our 300- 
keV protons, this  effect would b e  proportionately 
s m a l l e r  in his  case .  

TABLE IV. Relative excitation 01 vacancy states by 
H* and H,+. - -- 

Vacancy I (300-keV H;) I (300-keV 11,') 
state I(3OO-keV B* I (150-keV H*) 

significantly to  the difference between our  widths 
using ion impact excitation and those of Mehlhorn, 
who used electron impacts .  One i s  a Doppler 
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