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Parameters for the Bethe stopping-power theory for Ar, Kr, and Xe are obtained both via in-
tegration over optical oscillator strengths and from explicit plane-wave Born-approximation calcula-
tions. The former procedure produces a Bethe mean excitation energy (I) significantly lower than
that measured, while the latter procedure produces I values within 10 eV of the measured values for
Ar and Kr. For Xe the experimental I value lies midway between the two calculated I values.
Inner-shell corrections are obtained from the explicit calculations. The K-shell corrections (C~) are
a factor of 2 larger than those obtained from hydrogenic calculations. The total inner-shell correc-
tion ( g„& C„~) is in qualitative agreement for Ar, Kr, and Xe with results from a statistical model.
However, the quantitative difference between the two sets of inner-shell corrections leads to signifi-
cant increases in I values inferred from experimental measurements below 1 MeV proton energy.

momentum transfer. Since the summed subshell optical
oscillator strength Z„I is, in general, not equal to N„I, the
subshell GOS summed over energy at fixed momentum
transfer is not a constant but is a function of momentum
transfer. Physical reasons for the choice N„I as the coeffi-
cient of the 5 function, and consequences thereof, are dis-
cussed elsewhere.

In addition to calculations of GOS on the Al and Au
ions, extensive but not exhaustive calculations were done
for neutral atoms. For Ar, Kr, and Xe the calculations
were exhaustive and these elements are studied here. In
Sec. II, Ar, Kr, and Xe stopping powers, calculated expli-
citly, are compared with experiment, and results obtained
from the optical oscillator strengths are compared with
other calculations. In Sec. III comparable results are ob-
tained on a subshell basis from the explicit calculations
and compared with those obtained from the calculations
using optical oscillator strengths. In Sec. IV, innershell
corrections are obtained and compared with other calcula-
tions. The Z and Z corrections are discussed in Sec. V,
and the conclusions are in Sec. VI.

I. INTRODUCTION

The extraction of a Bethe' mean excitation energy (I)
from experimental proton stopping power data is a com-
plex task. In the Bethe' formula the nonrelativistic stop-
ping power is proportional to

ln(4M, Ep /MpI) =ln(4mMEp /Mp ) —lnI,

II. TOTAL STOPPING POWER

The calculated Ar, Kr, and Xe proton stopping powers
between 0.1 and 10 MeV are shown in Fig. 1 as solid lines.
The experimental data of Reynolds et al. , Chilton
et al. , Swint et al. , and Brolley and Ribe are shown as
squares, circles, triangles and diamonds, respectively. For
Kr above 0.1 MeV and Ar above 0.4 MeV, the calcula-
tions and experimental data agree to better than 10 per-
cent. For Xe the calculations are lower than the measure-
ments of Ref. 6, higher than the measurements of Ref. 7,
and in reasonable agreement with the measurement of
Ref. 9. In general, the calculations are lower than the
measurements. Since the Bethe formula contains the term
ln(4M, E&/M&I), the explicit calculations being lower than
the data, suggests that the calculated I value wi11 be larger
than that extracted from experiment.

where M, and Mz are the electron and proton masses, Ez
is the proton energy, and I is the Bethe mean excitation
energy. Since the Bethe theory is correct asymptotically
as Ez goes to infinity, measurements at large E~ are sug-
gested. Unfortunately, at large E~ the lnE~ term dom-
inates the lnI term so such measurements require great
precision. Further, since the variation in stopping power
due to variation in I is small, other small effects (relativi-
ty, Zt, and Zt corrections, and inner-shell corrections)
must be included in the data analysis. This paper ad-
dresses, among other issues, the question of inner-shell
corrections in Ar, Kr, and Xe.

Recently we carried out calculations on the proton-
stopping power of Al (Ref. 3) and Au (Ref. 4) ions. The
calculations were done in the plane-wave Born approxima-
tion (PWBA); that is, generalized oscillator strengths
(GOS) for ionization and excitation of each occupied sub-
shell were calculated. From these the subshell stopping
power was obtained, and a sum over subshells produced
the total stopping power. For the contribution of excita-
tion to stopping power, the final-state sum was truncated.
For example, for Ar the sum over excited levels was limit-
ed to levels with principal quantum numbers n =4—6,
with n values increased by 1 for Kr and by 2 for Xe.
Higher-lying levels were not included in either the GGS
calculations, or the optical oscillator strength. For the
ionization GGS, explicit calculations were limited to con-
tinuum electron energy 8' ( 50 E„t, where E„I is the ioni-
zation energy of the nl subshell. For 8' & 50 E„I the sub-
shell CxOS was approximated by N„~5(8' K), where N„t-
is the number of electrons in the nl subshell and X is the
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Kr, and Xe, the Ar values of Dehmer et al. , ' and the ex-
perimental I values of Ref. 2. For Ar the I value is in
reasonable agreement with the calculation of Ref. 10, but
significantly lower (10%) than the experimental value.
For Kr the I value, calculated from the optical oscillator
strengths, is 12% lower than the experimental value, while
the Xe value is 9% lower. As mentioned above, compar-
ing the explicit Born-approximation calculations with ex-
periment suggested that the calculated I value would be
too large. The I values of Ref. 2 are obtained after correc-
tion for target Z and Z effects. The explicit calcula-
tions do not include Z and Z effects. Thus, the I values
are compared on the same basis. The Z and Z correc-
tions are relevant to Fig. 1 and are discussed in Sec. V.

III. EXTRACTION OF STOPPING-POWER
PARAMETERS FROM

THE EXPLICIT CALCULATIONS

0
0.1 1.0

E(Mev)

FIG. 1. Total stopping power of Ar, Kr, and Xe calculated in
the plane-wave Born approximation (solid lines) and the mea-
sured values of Refs. 6—9, squares, circles, triangles and dia-
monds, respectively. The solid (open) points are for Ar and Xe
(Kr). The dashed lines are the sum of calculated stopping power
and empirical Z and Z corrections, as discussed in Sec. V.

Numerical stopping-power results calculated in the non-
relativistic PWBA contain neither relativistic effects nor
effects proportional to Zi or Zi. They do contain shell
corrections. The standard nonrelativistic treatment of
stopping power [ST———( I /n)dE/dx = g ST ] begins
with

2M,
ST -—4m-ao Ett(eV)

Mp Ep

The I values were evaluated via the optical oscillator
strengths, i.e.,

4M, Ep
X2Z, ln

Mp
—gC„,

n, l

n, l
g f t, 't(0»

ZnlnI = g Z„tlnInt
n, l

fnl, n't'(0)in(Enl En'I') .

I also use the notation

Z, lnI =L(0)= QLnt(0)= QZnilnInt .

(2)

(4)

where ao is the Bohr radius, E~ is 13.6 eV, and C„l is the
inner-shell correction, which goes to zero as Ep goes to in-
finity. In numerical terms, and using Eqs. (2)—(4) on a
subshell basis we can write

ZnllnInl +Cnl =Z„ll Ep —4. 19X 1o+
pn n M p

(6)

n, l

In Table I are shown the Z„L (0), and I values for Ar,

L (0) I (eV)

TABLE I. Comparison of Bethe —stopping-power —theory
parameters, Z„L(0},and I, calculated with optical oscillator
strengths, with similar calculations for Ar from Ref. 10. The
experimental I values for Ar, Kr, and Xe are from Ref. 2.

If this analysis were sufficient to extract I„t and C„t re-
sults from the explicit PWBA calculations, the right-hand
side of Eq. (6) would approach a constant as Ez ap-
proached infinity and the constant ~ould be Z„llnInl as
calculated using optical oscillator strengths. Here, as in
Ref. 5, neither condition is found to apply. On the other
hand, as in Ref. 5, if one uses

4M,
(Z„lnI„)'+C„t= Z„"ln Etp-n n n n M p

Ar (present)
Ar (calc.)
Ar (expt. )
Kr (present)
Kr (expt. )
Xe (present}
Xe (expt. )

17.81
18.0

36.39

53.37

45.38
46.22

116.32

186.88

174.0
177.0
194.0
333.0
376.0
451.0
497.0

—4. 19&& 10+"E,(Mev)S"'

and requires

lim 4. 19)&10 ' E~(MeV)STn Z„'t(PE~), =
Ep~ oo
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TABLE II. Comparison of Z„q and Z„*~ values for Ar, Kr, and Xe.

Ar
SubsheO

1$

2$

2p
3$

3p
3d
4s
4p
4d
5$

5p

Znl

1.45
1.36
6.91
0.62
7.47

1.83
1.56
6.35
1.30
6.68

Znl

1.25
1.48
4.95
1.21
4.13

14.73
0.47
8.17

1.93
1.62
5.57
1.57
5.24

12.23
1.20
6.79

Znl

1.22
1.15
3.17
1.19
4.79

13.80
0.94
3.46

15.49
0.30
7.86

Znl

1.69
1.58
4.67
1.68
5.39

11.96
1.53
4.69

12.81
1.18
6.93

2 (Z„)+X„()

1.61
1.575
4.59
1.60
5.40

11.90
1.47
4.73

12.75
1.15
6.93

Total 17.81 53.37 53.71

where P is a constant, then one obtains Z„'~ from the
asymptotic behavior of Sz'. Further, using Eq. (7), one
can determine (Z„~1nI„t )', as C„t goes to zero when

E&—+ m. Then I, found from

InI = g (Z„tlnI„t ) g Z„*t, (9)

—4.19X10+' E~(MeV)Sr"' —(Z„~lnI„t)* .

Bethe et al. " have shown that the coefficient of lrd'„t
should be , (N„~+Z„t) in—hydrogenic cases. In Table II,

is the Bethe parameter found from the explicit PWBA
stopping-power calculations. Further, the subshell correc-
tions are found from

4M,
Cnl Zn1ln Ep

Mp

are listed the Z„~ values obtained from optical oscillator
strengths, and the Z„*~ values obtained from the explicit
calculations for Ar, Kr, and Xe. For Xe, I list also the
values of —,(Z„t+X„t). These latter values are remarkably
close to the Xe Z„*~ values.

In Table III are listed the L„t(0) values obtained from
optical oscillator strengths and L„~(0)' obtained from the
explicit calculations. In general (the Kr 2s subshell is an
exception), as expected from the shift of an effective num-
ber of electrons in Z„*t compared to Z„t, the L„t(0) values
for the inner shells are larger than the L„t(0) values. For
the outer shells one might expect L„t(0)&L„'t(0), but this
expectation must be modified as the discrete vs continuum
contributions are often quite different in evaluating Lgt(0)
and Lnt(0)*

Table III points out several interesting features. First,
the I values obtained from the explicit calculations are
larger than the I values inferred from experiment, by 9 eV

TABLE III. Comparison of L„~(0) and L„~(0) values for Ar, Kr, and Xe, and I and I/Z values.

Ar
Subshell

1s
2$

2p
3$

3p
3d
4s
4p
4d
5$

5p

L„,(0)

8.72
5.S8

24.01
1.60
5.47

9.19
6.35

23.56
1.49
7.28

L„)(0)

9.3S
8.34

26.42
5.02

16.31
45.62

1.21
4.05

L,)(0)*

13.37
7.85

28.58
6.69

19.10
41.35

1.09
3.24

L.&(0)

10.14
7.69

20.11
6.36

24.03
62.76
3.70

12.84
38.30
0.74
0.21

L,((0)*

12.38
9.37

28.82
9.83

25.07
S8.26
6.17

12.32
34.52

1.30
3.00

45.38 47.87 116.32 121.27 186.88

I (eV)
I/Z {eV)

174.00
9.67

203.00
11.27

333.00
9.25

386.00
10.72

451.00
8.35

559.00
10.35
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TABLE IV. Inner-shell corrections for Ar.

3p Total

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
1

2
3

5
6
7
8

10
20
30
40
50
60
70
80

100

0.07
1.22
1.78
2.09
2.29
2.41
2.49
2.54
2.60
2.62
2.59
2.38
1.80
1.20
0.71
0.41
0.14

—2.04
—1.09
—0.64
—0.39
—0.23
—0.13
—0.07
—0.02

0.06
0.25
0.34
0.46
0.58
0.70
0.77
0.72
0.55
0.25
0.16
0.11
0.07
0.04
0.0

—6.10
—2.20
—0.31

0.75
1.39
1.81
2.04
2.20
2.32
2.14
2.07
2.08
2.20
2.06
1.55
1.13
0.55
0.05

0.57
0.78
0.92
0.92
0.71
0.55
0.43
0.33
0.25
0.01

1.08
1.50
1.98
1.63
1.20
0.92
0.76
0.64
0.09
0.04

—6.49
—1.01

1.95
2.91
3.07
3.15
3.16
3.15
2.79
3.66
4.19
4.63
5.07
5.17
4.81
4.39
3.70
2.92
2.75
2.49
1.87
1.24
0.71
0.41
0.14

TABLE V. Inner-shell corrections for Kr.

E (MeV)

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
1

2
3
4
5
6
7
8

10
20
30
40
50
60
70
80

100
200
300
400

0.09
0.32
0.67
1.54
1.83
1.96
2.02
2.06
2.08
2.11
2.12
1.76
0.59
0.08

—0.49
—0.26
—0.07

0.24
0.99
1.28
1.40
1.49
1.55
1.59
1.64
1.73
1.99
1.39
0.95
0.72
0.55
0.39
0.30
0.16
0.0

—4.27
—3.31
—2.S2
—1.85
—0.78

1.91
2.84
3.21
3.32
3.33
3.29
3.27
3.13
2.55
1.16
0.30
0.11

3s

—2.37
—1.42
—0.98
—0.72
—0.58
—0.47
—0.39
—0.31
—0.20

0.17
0.42
0.33
0.24
0.17
0.11
0.08
0.03
0.01

3p

—4.76
—1.71
—0.33

0.38
0.81
1.07
1.29
1.40
1.60
2.27
1.79
1.35
1.06
0.82
0.65
0.52
0.37
0.06

3d

—8.05
—1.20

1.89
3.51
4.41
4.91
5.21
5.40
5.59
5.51
4.05
2.40
1.63
1.02
0.87
0.55
0.53
0.10

0.19
0.44
0.65
0.53
0.41
0.30
0.19
0.16
0.16
0.04

2.82
2.29
1.44
0.87
0.76
0.61
0.59
0.49
0.64
0.41
0.35
0.42
0.26
0.16
0.16
0.10

Total

—1.60
2.67
4.57
1.54
2.62
4.1 1

5.22
7.2S

11.3
10.7
9.1 1

8.00
7.05
6.76
6.48
6.46
6.25
4.38
3.21
2.85
2.61
2.47
2.41
2.28
1.76
0.59
0.08
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TABLE VI. Inner-shell corrections for Xe.

E (MeV)

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
1

2
3
4
5
6
7
8

10
20
30
40
50
60
70
80

100
200
300
400
500
600
700
800

1000

0.067
1.12
1.63
1.91
2.08
2.18
2.25
2.30
2.37
2.57
2.56
2.42
1.84
1.28
0.789
0.458
0.165

—1.38
—0.33

0.20
0.53
0.74
0.88
0.99
1.07
1.17
1.S1
1.77
1.94
2.06
2.13
2.00
1.84
1.31
0.38
0.06

2p

—0.47
0.52
1.15
1.57
1.85
2.02
2.19
2.06
1.80
1.71
1.82
1.54
1.18
0.91
0.57
0.16
0.12

—5.17
—4.01
—3.34
—2.88
—2.54
—2.28
—2.08
—1.92
—1.67
—1.16
—0.95
—0.81
—0.70
—0.59
—0.50
—0.42
—0.29

0.17
0.31
0.21
0.14
0.10
0.09
0.07

3p

—10.13
—6.42
—4.31
—2.87
—1.81
—0.99
—0.35

o.a6
0.92
2.46
2.96
3.23
3.48
3.67
3.83
4.01
4.28
2.57
1.48
0.68
0.29
0.08

—25.11
—16.90
—12.19
—8.95
—6.53
—4.63
—3.ao
—1.85

0.07
4.17
5.12
5.25
5.17
5.05
4.99
4.93
4.05
0.99
0.14

4s

—2.12
—1.36
—1.00
—0.80
—0.64
—0.53
—0.44
—0.36
—0.22

0.26
0.18
0.09
0.05
0.03
0.02
0.01

—0.12
1.89
2.68
3.13
3.43
3.6S
3.87
4.05
4.33
4.69
3.70
3.00
2.56
2.20
1.88
1.64
1.31
0.66
0.55
0.48
0.31
0.28
0.34
0.11
0.04

—2.32
2.20
3.78
4.50
4.90
5.22
4.91
4.42
3.45
1.51
0.72
0.34
0.43
0.17
0.30
0.17
0.09

—O.45 1.37
—0.15 2.16

0.13 2.02
0.34 1.64
0.44 1.37
0.38 1.18
0.32 1.0S
0.26 0.96
0.19 0.83
0.07 0.52
0.04 0.44
0.02 0.38

0.16
0.34
0.48
0.32
0.36
0.22
0.05

Total

—44.05
—22.S9
—12.23
—5.89
—1.38

2.00
4.18
5.72
6.52

12.19
11.94
12.55
13.04
13.32
13.84
13.75
13.23
9.30
7.73
6.93
6.70
6.31
5.86
5.23
4.29
3.11
2.74
2.42
1.84
1.28
0.79
0.46
0.17

in Ar and 10 eV in Kr, but by 62 eV in Xe. Second, the I
values obtained from the explicit calculations are closer to
the experimental values than the I values obtained from
the optical oscillator strengths, except for Xe. Consider-
ing that the calculated stopping power for Xe agrees as
well with the measurement of Ref. 9 at 4.4 MeV, as do the
calculations for Ar and Kr, suggests that the I value of
Ref. 2 for Xe may be in error. The measurements in Ref.
2 (below l MeV) agree well with the measurements of Ref.
6 and these measurements were used to determine a Xe I
value.

One possible reason for the discrepancy between the cal-
culated and experimental I value may lie in the inner-shell
correction used in the analysis of experimental data in
Ref. 2, i.e., the correction of Bonderup' determined from
a modified free-electron —gas model. I discuss inner-shell
corrections in the next section.

The extraction of subshell stopping-power parameters
from the explicit calculations requires the graphical deter-

»»g. 2, »

XE~(MeV)Sz as a function of lnE& as circles for the
Ar ls shell, and as circles, squares, and triangles for the
Kr 1s, 2s, and 2p subshells. The solid lines are the asymp-

totic expressions

4. 19X10+' EST" =Z„'(lnEp+Z„'(1np .

Figure 2 indeed indicates that the nonrelativistic calcula-
tions do approach the appropriate asymptotic form, but

12

hC

N g

6
10 100 1000

EtMeV}

FIG. 2. Explicit values of 4. 19&10+ "E~(MeV)S„g, used to
determine Z„*I for the Ar as shell, and the Kr as, 2s, and 2p sub-
shells.
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100 1000

0.1
0.'l 1.0
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10

E(IVleV)

100

FIG. 3. Comparison of my C~ values (solid lines) with the
hydrogenic values of Ref. 13 for Ar (open circles) and Kr (solid
circles).

FIG. 5. Comparison of my total inner-shell corrections

(g„&C„~) with the statistical-model results {open circles) of Ref.
12 for Kr. The dashed lines are negative values.

for these four subshells, only when the explicit calcula-
tions are extended to 1 GeV.

IV. THE INNER-SHELL CORRECTIONS

100—
Ar

In Tables IV—VI are listed the inner-shell corrections
found from Eq. (10) and the explicit calculations. When
the explicitly calculated subshell stopping power is negli-
gible (low Ez), the entry is left blank. In a treatment'3 of
stopping power based on subshell sums there is neither a
contribution to stopping power nor a correction for such
energies. This situation is referred to as case A. Using
the global (all occupied subshells included via a single I
value) treatment of the Bethe formula, at these low ener-
gies the correction is given by

100
Xe

Z„*(ln(4M, Ep /Mp ) —(Z„*(lnI„()* .

When these terms are included one has case B. In Tables
IV—VI are listed the subshell corrections for Ar, Kr, and
Xe. In Fig. 3 the K-shell corrections are plotted and corn-
pared with the hydrogenic calculations of Walske. ' As
was the case for Al, the X-shell corrections are a factor of
2—2.5 larger than Walske's values. In addition, my
corrections show a broad plateau region at the maximum
whereas Walske's show only a peak at the maximum. A
study of the K-shell correction for Al ions as a function of
the degree of ionization for comparison with the hydro-
genic results will be published. '

In Figs. 4—6, I show the total inner-shell correction
[case A from Tables IV—VI, and case B including Eq.
(11)]. At low energy the corrections are negative and I

LeL
Ag

10'
10

0.1
0,1 1.0

E(MeV)

10 100 0.1
0.1

I

I

I II I I I I I

1.0 10 100

FIG. 4. Comparison of my total inner-shell corrections

(g„&C„~) with the statistical-model results (open circles) of Ref.
12 for Ar. The dashed lines are negative values.

FIG. 6. Comparison of my total inner-shell corrections

(g„&C„q) with the statistical-model results (open circles) of Ref.
12 for Xe. The dashed lines are negative values.
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show these as dashed curves. The open points are from
Bonderup's' calculations with my interpolation (Bonder-
up presents results for Al, Cu, and Au).

For Kr the two sets of calculations are in excellent
agreement, while for Ar and Xe the agreement is only
qualitative. Note also that above 1 MeV Bonderup's
correction agrees more closely with the case A results.

The inner-shell corrections enter the determination of
the mean excitation energy via

L ) ——(Lo/Z, '
)[(2.68/U)(1 —0.132 ln U)], (13c)

U =M, E~(Ry)/Mp(Z2) i3 (13d)

where for protons Z& ——1. Using

Lo ——4. 19&(10' E~(MeV)ST/Z, , (13b)
where Sz is the stopping power without Z& and Z

&
correc-

tions, Andersen et aI. ' find

lnr =1m+(1/Z, ) QC„, ,
n, l

(12) and

L2 ———1. 6M~ /M, Eq( Ry), (13e)

V. Z' AND Z4 CORRECTIONS

In an earlier publication, ' the accuracy of the PWBA
in calculating the neutral-atom stopping power above 0.1

MeV was estimated at 15%. The estimate was based on
the difference between the calculation (solid curve in Fig.
1) and measurements in Xe. However, the measurements
shown in Fig. 1 do include Z and Z effects. Andersen
et a/. ' have empirically determined Z and Z correc-
tions, and present them in the form

2M, Z, 2ST ——4ma0 Z i (Lp+ZiL i +Z iL2),
Mph

(13a)

where I is the measured I value in the absence of shell
corrections. Figures 4—6 allow one to estimate the varia-
tion in inferred I values in Ref. 2 due to the difference in
Q„IC„~. The data in Ref. 2 are in the 0.1—1 MeV re-
gime. For Ar in this range the case A Q„ I C„~ differs
from Bonderup's by the order of one unit, changing lnI by

This changes the inferred I value by +10 eV, i.e.,
I(Ar)=194+10 eV. For Ar in the 0.4—1-MeV regime,
the case-8 results are almost exactly one unit lower than
Bonderup's correction. This difference would change the
inferred I value from 194 to 204 eV, in excellent agree-
ment with the value obtained from the Z„I analysis in
Table III (i.e., I =203 eV).

For Kr the case A results agree with Bonderup's from
0.6 to 1 MeV. The case B results are generally four units
smaller. This difference would change the inferred Kr I
value from 376 to 420 eV. This is somewhat larger than
the value obtained from analysis of the explicit calcula-
tions (I =386 eV).

For Xe between 0.3 and 1 MeV, the case-8 results are
smaller than Bonderup's by 10 units. This will change the
I value from 497 to 598 eV. The I value obtained from
the analysis of the explicit calculations was I=S59 eV.

These variations in I values arising from variations in
total inner-shell corrections are not small for atoms of in-
termediate and high Z. The comparison of two sets of
inner-shell corrections in Figs. 4—6 indicate that there are
energy regimes where the difference in corrections are
small or zero. To minimize the error in an I value in-
ferred from experiment, measurements should be made in
these energy regimes.

providing

E~(Ry)) 2.25(Z, )
i M~/M, . (13f)

Inclusion of these Z and Z corrections results in the
dashed curves in Fig. 1. For Ar above 0.3 MeV, the data
and the dashed curve agree to better than S%. For Xe,
the dashed curve is in excellent agreement with the mea-
surement of Reynolds et al. at 0.6 MeV (the low-energy
limit of the L, value of Anderson et al. ' ), suggesting that
the 1S% accuracy estimate for the PWBA calculations,
based on Xe, is a significant overestimate. However, in-
clusion of the Z and Z correction destroys the excellent
agreement between the calculations and experiment for
Kr. The maximum difference (at 0.4 MeV) between cal-
culation and experiment for Kr is now 15%, leaving the
error estimate for PWBA stopping-power calculations un-
changed.

VI. CGNCI. USIGNS

With the procedure developed for extracting Bethe
stopping-power theory parameters from explicit PWBA
calculations, I find I values within 10 eV of the experi-
mentally inferred I values for Ar and Kr, but 60 eV
higher than the value for Xe. The traditional procedure
for determining atomic I values by summing over optical
oscillator strengths produces I values that are significantly
lower (17—20 eV in Ar, 43 eV in Kr, and 46 eV in Xe)
than the experimentally inferred values. Inner-shell
corrections are obtained from the PWBA calculations.
For the Ar and Kr K-shells, my corrections are roughly a
factor of 2 larger than the hydrogenic results of Walske. '

Bonderup' has calculated total inner-shell corrections us-
ing a statistical model. My Iesults ar e in quail tati ve
agreement with his for Ar, Kr, and Xe. However, the
quantitative differences between the two sets of inner-shell
corrections can change the experimentally inferred I
values significantly, i.e., by 10 eV in Ar, 46 eV in Kr, and
100 eV in Xe, in experimental data in the 0.1—1-MeV re-
gime is used. I suggest that for the noble gases there are
energy regimes where the difference between the two sets
of' inner-shell corrections is small, and these energy re-
gimes can provide I values where the error arising from
innershell corrections is minimized.

Comparison of explicit PWBA calculations of stopping
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power with experiment led to an error estimate of 15'
for the PWBA calculations based on the comparison for
Xe. Correction of the calculations for Z and Z effects
(not present in PWBA calculations) leads to differences
much less than 15% for Ar and Xe, but introduces a 15%
difference for Kr—not changing the error estimate for
PWBA stopping-power calculations.
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