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Excitation Potentials and Shell Corrections for the Elements Z& ——20 to SR=30
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Excitation potentials and shell corrections for the elements Z2= 20 to Zg =30 are evaluated from experi-
mental stopping-power data for 5-12-MeV protons and deuterons. Use is made of Walske's E- and L-shell
corrections and shell corrections calculated by Bonderup on the basis of the Thomas-Fermi model. It is
suggested that Cu be used rather than Al as a standard for stopping-power measurements. Ig„ is deduced
to be 320.8+3.8 eV. Relative stopping-power measurements by Bakker and Segrh, by Teasdale, by Burkig
et al. , and by Nakano et al. are normalized to Cu, and mean excitation potentials are found by means of
Bonderup's shell corrections. With only a few exceptions, they agree with the I values obtained from our
measurements. Within the Zs interval treated here, it is found that I/Zs increases with increasing Z, ,
contrary to the general trend through the periodic system of elements.

I. INTRODUCTION

'HE theory of penetration of heavy charged
particles through matter has recently been re-

viewed by Pano, ' and an entire publication has been
devoted to the analysis of the theoretical and experi-
mental situation within this Geld. ' It appeared there
that the situation was quite satisfactory for a few
materials (e.g., Al and Cu) which have often been
studied experimentally. The basic parameters in the
theory were known well enough to make it possible to
calculate the proton stopping powers of these materials
to within approximately 1% throughout the MeV range
and well into the BeV region. For many other materials
the situation was very unsatisfactory, mainly because
of poor knowledge of the mean excitation potentials.
Nevertheless, many tabulations have been published
for diferent materials. As shown in Ref. 3, they often
disagree with new experimental results.

Since the appearance of Refs. 1 and 2, the accuracy of
stopping-power measurements has been considerably
improved, ~' and there has also been progress on the
theoretical side. ' ~ It thus appears feasible to try an
evaluation of the basic parameters of stopping-power
theory from the recently published experimental data
for the elements from Z2=20 to Z2=30.3

In See. II, the present status of the Bethe stopping-
power theory is reviewed in some detail, especially the
attempts to make theoretical calculations of mean
excitation potentials and shell corrections. In Sec. III,
this material is used for an evaluation of these from our

~Now at Chalk River Nuclear Laboratories, Chalk River,
Ontario, Canada.

' U. Fano, Ann. Rev. Nucl Sci. 13, 1 (1963).' Natl. Acad. Sci. Natl. Res. Council Publ. 1133 (1964).
3 H. H. Andersen, C. C. Hanke, H. Simonsen, H. Sgrensen, and

P. Vaida, Phys. Rev. 175, 389 (1968).
4H. H. Andersen, C. C. Hanke, H. Sgrensen, and P. Vajda,

Phys. Rev. 153, 338 (1967).' H. H. Andersen, A. F. Gar6nkel, C. C. Hanke, and H. Sgfren-
sen, Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd. 35, No. 4
(1966).' J. Lindhard and Aa. Winther, Kgl. Danske Videnskab.
Selsjrab, Mat;Fys Medd. 34, No. . 4 (1964).

'E. Bonderup, Kgl. Danske Videnskab. Selskab, Mat;Fys.
Medd. 35, No. 17 (1967).

own experimental data, and in Sec. IV, published
relative stopping-power measurements are used for the
evaluation of mean excitation potentials for the same
elements. Finally the results obtained are discussed in
Sec. V.
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where nz and —e are the electron mass and charge,
respectively. Z&e and e are the charge and the velocity
of the incoming ion, Xo is Avogadro's number, and A
and Z2 are the atomic weight and number of the target
material. Note that the dimension of dx is mass/area.
At energies of interest to us the dimensionless function
L(n,Zs) is given by the Bethe expression
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where I is the mean excitation potential of the target
material, C/Zs are the so-called shell corrections, and
p is the ratio of the projectile velocity to the velocity of
light. Equation (2) may also be written in the form

L(n,Zs) =f(P)—lnI —C/Zs,

where the velocity dependence of Eq. (2) is contained
in f(P). A detailed derivation of Eqs. (1) and (2) may
be found in Fano's review article. '

Until some years ago the importance of the shell
corrections was often underestimated, and I was
evaluated from experiments disregarding these correc-
tions altogether; thus velocity-dependent values of I
given by'

lnI'= lnI+C/Zs

'Note that the expression (4) is the reduced variable X, ~t
used in Ref. 3.

II. REVIEW OF THEORY

The stopping power of a swift charged particle is
given by the expression
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were obtained. The proper theoretical de6nition of I is

lnI Q f„inE„.

Here E are all possible transition energies of the target.
electron system and f the corresponding dipole oscil-

lator strengths. The main concern of this paper will be
to try to separate the two terms in Eq. (4).

Equation (5) is of little use for a direct calculation of

lnI because the oscillator strengths are not known

accurately enough in the most important energy-
transition range from 10 to 1000 eV. A direct calculation
has only met with success for the very simplest target,
atoms. Qn the other hand, I is the main nontrivial
factor in the theoretical evaluation of the stopping
power of a given element. Thus it appears reasonable to
demand that any theory of the stopping power of
specie.c materials should also yield a value for I. This
requirement appears only to be met by statistical
calculations of Thomas-Fermi nature. The simplest
result of this type of approach is Bloch's rule

I=IsZs,

where Io= 10 eV. From the evaluation of experimental
data it has been clear for a long time that Io is not a
constant, but decreases with increasing Zs (see e.g. ,
Turners). Brandt' " argued from Thomas-Fermi-Dirac
arguments that

Is=Is'(1+&sZs '"),
with Ie'=9.5 eV and ko=0 70 (the actual value of I js
then I=IsZsF, where F is a so-called valence factor),
while Lindhard" and Bonderup~ advocate the view that
it is possible to account for the decrease in Io within the
Thomas-Fermi theory. They give a Thomas-Fermi

equivalent of Eq. (5) in the form

where g(~/Zs) is the density of dipole', oscillator

strengths, and they argue that there will be a gap in the
distribution g at low energies, causing Io to decrease
with increasing Z2.

The relative stopping-power measurements of Burkig
and McKenzie" at 19.8 MeV show considerable Quctu-

ations in 1nI+C/Zs, as illustrated clearly by Bichsel. '4

Substantial oscillations occur around the smooth

decrease, presumably connected with the shell structure
of the target atoms. As the amplitude of these oscilla-

tions is larger than the total shell corrections, within the

' J. E. Turner, Ref. 2, p. 99.
"W. Brandt, Phys. Rev. 112, 1624 (1958).
» . Qrandt, Natl. Acad. Sci. Natl. Res. Council Publ. 752,

p. 56 (1960).
» J. Lindhard, Ref. 2, p. 1.
»T. C. Burkig and K.. R. McKenzie, Phys. Rev. 106, 848

(1957).
"Hans Bichsel, Ref. 2, p. 17.

Zs interval treated here, the fluctuations in lnI+C/Z2
must be due mainly to I and not C/Zs. Lindhard and
Scharff" showed that the statistical model also indi-
cated these oscillations if distributions more realistic
than the Thomas-Fermi one were used for the outer-
most electrons. For instance, they obtained a con-
siderably lower Io for Ar than for Cu.

Vhe term C/Zs, representing the so-called shell cor-
rections, describes the nonparticipation of some of the
electrons in the stopping process. The corrections reach
maximum values of the order of 0.1 for light and 0.3 for
heavy elements at proton energies of a few MeV and
decrease rapidly at higher energies. To neglect them in
the evaluation of I from Eq. (4) will thus give errors of
the order of 10 to 30%%uq. The correction due to a given
shell, i, vanishes asymptotically for n»v;, "where v, is
the orbital velocity of the bound electrons. Because of
the relativistic velocities of inner-shell electrons in
heavy elements, the condition 'e&)v, will never be ful-
filled, and the shell corrections for these elements will
not disappear even for P —+ 1.It is somewhat misleading
to call C/Zs a correction because its evaluation aban-
dons the method used in the derivation of Eqs. (1) and
(2).' The name "shell correction" has nevertheless been
retained here because it is customary to use it.

The first attempts to calculate C/Zs were made by a
shell-by-sheQ approach. The appropriate matrix ele-
ments for the energy transfers were calculated by means
of hydrogenic wave functions to describe the electrons.
This was done for the E-"and L-electrons" by Kalske.
The L-shell corrections are only claimed to be valid for
Z2&30, and the whole scheme is dubious at high Z2
because the inner electrons are treated as nonrelativistic.

Bichsel noted" " that the E- and L-shell corrections
as calculated by Walske were quite similar in shape, and
proposed to obtain higher shell corrections by scaling
the L-shell correction in energy and amplitude. He
treated the scaling factors as 6tting parameters and
obtained a good fit to experimental data. Janni"
lowered the number of free parameters by demanding
the scaling factors to vary slowly with Z&. It was then
possible to Gt all data in a single computation because
faster computers had appeared. The 6t for a speci6c
element might not be as good as Bichsel's, but it wiO be
more reliable to extrapolate to elements where the
experimental material is scarce. Bichsel has recently
abandoned the use of a separate correction for each
subshell. "
"J.Lindhard and M. Scharff, Natl, Acad. Sci. Natl. Res.

Council Publ. 752, p. 49 (1960).
U. Fano and J. E. Turner, Ref. 2, p. 49."M. C. Walske, Phys. Rev. 88, 1283 (1952).» M. .C. Walske, Phys. Rev. 101, 940 (1957)."Hans Bichsel, Linear Accelerator Group, University of

Southern California, Technical Report No. TR-3, 1961 and 1963
(unpublished).

~ J. F. Janni, Report No. AFWL-TR 65-150, 1966 (unpub-
lished).

Hans Bichsel, University of California Larvrence Radiation
Laboratory Report No. UCRL-17538, 19M' (unpublished).
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Element Z& Asymptotic
I (eV)

Relative Average
I/ZR
(ev)

TABLE I. Mean excitation potentials for the elements 20&Z&
C30 as obtained by asymptotic and relative fitting to the stop-
ping-power data of Ref. 3. The first two columns include only the
fitting uncertainty, while the experimental errors are also included
in the average values.
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Ca 20
Sc 21
Tl 22
V 23
Cr 24
Mn 25
Fe 26
Co 27¹i 28
CQ 29
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193.6~1.6
216.2~1.8
228.6~1.8
239.4+1.9
258.5~2.1
273.2&2.2
280.0~2.2
299.0~2.4
302.9~2.4
320.8~2.5
322.8+2.5

196.0~1.2
217.5~1.1
229.7~1.0
238.9+0.7
257.5~1.0
273.1+0.5
281.2+0.8
298.7~0.9
303.5+0.9

~ ~ ~

323.0~1.0

194.8+3.4
216.8~3.6
229.8~2.6
239.2~2.8
258.0~4.4
273.1~5.4
280.6~3.1
298.8~3.7
303.2&3.7
320.8+3.8
323.1~3.8

9.74&0.17
10.32~0.17
10.44~0.12
10.40&0.12
10.75+0.17
10.93+0.20
10.79+0.12
11.06~0.12
10.83+0.12
11.06+0.12
10.77a0.12

FIG. 1. Asymptotic fitting of the mean excitation potential to
experimental stopping-power data for Cu by means of Walske's
and Bonderup's shell corrections. The result is lnI =5.770&0.008
and 1=320.8+2.5 eV (Gtting error only).

Khandelwal and Merzbacher" have extended the
sheQ-by-shell calculations to the 3f shell. The calcu-
lations are extremely laborious, and the deduced cor-
rections do not agree well with the M-shell corrections
obtained by Janni by the scaling method (Ref. 20,
Fig. 6).

The problem of obtaining theoretical shell corrections
has been treated in an entirely diferent way by Bond-
erup. ' Lindhard and Winther' derived an expression for
the stopping power of a gas of free electrons as a func-
tion of the density of the gas. Bonderup assumed that
this would still hold locally in an inhomogeneous elec-
tron gas. He then obtained the stopping power by an
integration over the electron distribution of the target
atoms, using the Lenz-Jensen expression for this distri-
bution. "The theory is nonrelativistic in its treatment
of both projectile and target electrons. The excitation
potentials are still given by I=IsZ&, with Is constant
Lcf. Eq, (8)j. One great uncertainty in such a calcu-
lation is that Iwill be greatly inQuenced by the detailed
distribution of the outermost electrons as shown speci6-
cally for C.~ Theoretical shell corrections were then
obtained as X(v,Zs)&~~,—lnIsZs, whereby the influence
of uncertainties in the calculation of I was eliminated.
(The definition of Xth, is equivalent to that of X, vts).

As is the case with the shell-by-shell computations,
these calculations may need corrections for high Z~
because of the nonrelativistic treatment of the target
electrons. For low and intermediate Z2 they yield shell
corrections for all elements.

Fano (Ref. 1, p. 3'7) pointed out that shell corrections
obtained by either of the above-mentioned approaches
behave like av '+bv ' for v-+ c. Fano and Turner"
calculated C/Zs at these high velocities, and their
asymptotic values have been tabulated by Turner. '
Bonderup found that the statistical model yielded
numerical values in good agreement arith this. '4 For low

~ G. S. Khandelwal and E. S. Merzbacher, Phys. Rev. 144, 349
(1966).~ H. Jensen, Z. Physik 77, '/22 (1932)."E. Bonderup (private communication).

and intermediate values of Z2 the two approaches thus
yield a common asymptote at high velocities.

III. EVALUATION OF I AND C/Z, FROM
EXPERIMENTAL DATA

To obtain experimental values of I we use two
diferent approaches, asymptotic fitting" and "relative
fitting.

"
The first approach is defined as follows: %e calculate

where
»Ie.pt'= Xe.pt —(C/Zs)theor y

X,= f(P) I. — (10)
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FIG. 2. Asymptotic fitting of the mean excitation potential to
experimental stopping-power data for Ca by means of %alske's and
Bonderup's shell corrections. The result is lnI =5.265~0.008 andI=193.6~1.6 eV (fitting error only).

L p$ is calculated from experimental stopping-power
data by means of Eq. (1). If the theoretical shell cor-
rections are not entirely correct, lnI pt, will be found to
be energy-dependent. If, however an asymptote at high
energies is observed for lnI.„p~, a well-dered value of
lnI, „p& may be obtained. As pointed out in the preceding
section, Walske's and Bonderup's shell corrections have
the same asymptotic values at high velocities (apart
from the very small contribution of the M-shell cor-
rection to the asymptotic value). lnI,„,t,' as calculated
from Eq. (10) by means of Walske's and Bonderup's
shell corrections must thus have the same asymptotic
value.
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Fro. 5. Experimental values of I/Z~ (solid) as compared with
those proposed by Janni (Ref. 20) (dashed) and Turner and Stern-
heimer (Refs. 9 and 25) (dot-dashed).
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Figure 1 shows lnI p~' for Cu as an example. Here it
is rather easy to estimate the position of the asymptote.
To make certain that the asymptote is placed con-
sistently in all cases, we use the following procedure:
The distances of the two curves from the asymptote at
12 MeV are determined to be directly proportional to
the slopes of the curves at the same energy. The feasi-
bility of this scheme is recognized from Fig. 2, where the
curves for Ca are shown. The asymptote is no longer
squeezed between the two curves, '~and it might be
RiRicult Ito estimate the position"of the asymptote

der i

without a deinite procedure. For the intermediate
elements, a gradual transition from the behavior shown

in Fig. I to that in Fig. 2 is observed. The result of the

g s t I I t t l I I

E {vev)

FrG. 3. Relative fitting of excitation potentials to that of Cu.
The differences lnI|:„—InI; are shown as a function of energy,
where lnI; is found as (X,»t,—C/ZQ)n&&, gyp p '. The energy vari-
ation of the difference curves is seen to be small. The displacement
of the curves which would be caused by a 1% change in the
experimental stopping powers is also shown.

Gtting for all elements in the interval 20&Z2&30 is
given in Table I.

In the second approach we assume that the theoretical
shell corrections vary slowly with Z2 at 6xed velocities.
Then

~ lnlexpt, i lnlexpg, c~ lnIexpt, j

varies very little with v and yields the ratio between
Ic and I;.If the shell corrections 'are approximate, this
will only work for elements with not too diGerent atomic
numbers. On the other hand, most of the systematic
errors, both in the shell corrections and in the experi-
mental data, will, 'disappear in the, "difference' 'equation

(11). Especially worth mentioning is that systematic
errors in the energy determination of the projectile will
be completely eliminated. Finally, while the asymptotic
6tting only makes use of the high-energy~'trend of the
data, the relative htting uses the entire energy interval.
Agreement between the results obtained by the two
methods is thus a check on the consistency of ~he

schemes.
Figure 3 shows the result of the relative 6tting by

means of Bonderup's shell corrections. It is seen that the

I
I

t 1 I I
)

t I I t
)

t

I r I t t t r

20 25 30

Qa Sc Ti Y Ct. MnFeCO Ni CU Zn

FIG 4. Excitation potentials evaluated by means
of asymptotic 6 and relative 0 fitting.

I I t t t t

2 4 6 8 f0 f2

E {MeV)

Fxc. 6. Comparison of experimental to
theoretical shell corrections' Cu.
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TAsxz II. Experimental shell corrections as determined from the experimental stopping-porkier
data of Ref. 3 and the mean excitation potentials of Table I.

(MeV)

3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00
9.50

10.00
10.50
11.00
11.50
12.00

20
Ca

0.142
0.141
0.137
0.132
0.128
0.124
0.119
0.114
0.110
0.107
0.104
0.103
0.099
0.096
0.094
0.092
0.090
0.088
0.087

21
Sc

0.145
O.143
0.139
0.132
0.128
0.123
0.1T9
0.115
0.111
0.108
0.105
0.102
0.099
0.097
0.095
0.093
0.092
0.091
0.090

22
Tl

0.146
0.142
0.137
0.132
0.128
0.123
0.120
0.116
0.T13
0.110
0.107
0.T05
0.103
0.100
0.099
0.096
0.095
0.093
0.092

23
V

0.139
0.142
0.140
0.137
0.133
0.130
0.127
0.124
0.121
0.118
0.115
0.112
0.110
0.107
0.105
0.102
0.100
0.097
0.095

24
Cr

0.145
0.143
0.139
0.136
0.133
0.130
0.127
0.123
0.122
0.119
0.117
0.115
0.113
0.111
0.109
0.108
0.106
0.105
0.104

25
Mn

0.157
0.160
0.158
0.155
0.150
0.146
0.143
0.138
0.135
0.132
0.129
0.125
0.122
0.119
0.118
0.114
0.112
0.1TO

0.108

26
Fe

0.168
0.173
0.171
0.164
0.158
0.152
0.146
0.141
0.137
0.134
0.131
0.127
0.125
0.122
0.120
0.117
0.115
0.114
0.112

27
Co

0.170
0.172
0.170
0.166
0.161
0.155
0.151
0.146
0.141
0.136
0.132
0.129
0.126
0.124
0.122
0.119
0.117
0.116
0.114

28¹i
0.180
0.182
0.178
0.172
0.168
0.T64
0.159
0.154
0.150
0.145
0.142
0.139
0.134
0.130
0.128
0.125
0.123
0.121
0.119

29
Cu

0.176
0.178
0.176
0.172
0.169
0.165
0.162
0.159
0.156
0.152
0.149
0.146
0.144
0.140
0.138
0.136
0.131
0.128
0.126

30
Zn

0.188
0.189
0.187
0.183
0.178
0.174
0.168
0.163
0.159
0.155
0.151
0.148
0.145
0.141
0.138
0.136
0.133
0.130
0.128

(C/Zs)expt, =Xexpt lnIexpt (12)

As an example, experimental values for (C/Zs) for Cu
are shown in Fig. 6 together with the theoretical values
by Waive L(C&+Cr)/Z&] and Bonderup Iand the
semiempirical ones by Janni. The shell corrections as
determined from Eq. (12) are tabulated in Table II.
The accuracy is dificult to estimate, but is of the order
of ~0.008. A discussion is given in Sec. V.

"R.M. Sternheimer, Phys. Rev. 164, 349 (1967).

assumption that 6 lnI; is energy-independent is very
well fulfilled. As the missing M-shell corrections vary
rapidly with Z2 the condition for the use of relative
fitting is not fulfilled in connection with Walske's shell
corrections.

The result of the relative fitting to Ig„——320.8 eV
(as found by asymptotic fitting) is given in Table I, and
the results of the two fitting procedures are compared
in Fig. 4. The agreement is seen to be good.

Table I also gives average values of I and I/Z&. They
represent the final result of the present evaluation and
are displayed in Fig. 5 together with values proposed by
Janni, ' Turner, s and Sternheimerm Within the Zs
interval considered here, Turner's and Sternheimer's
values have a wrong trend, but the numerical agreement
is quite good for Z&) 24. Janni's values are seen to agree
well where measurements have been made before
(Ti,Fe,Ni, Cu), but where no measurements have been
made until now (Cr,Mn), or where existing results have
not been considered reliable (Ca), the agreement is very
bad. It is possible to obtain values of I/Zs by inter-
polation if they are known for the neighbors on both
sides, but interpolation over wider spacings to obtain I
is verv uncertain.

As I has now been found, it is possible to find the
shell corrections C/Zs. They are obtained as

It is diKcult to find published experimental results
directly comparable to those obtained here. Cu appears
to be the only element for which a sufhcient number of
good data have been used to evaluate I; but although
they are stated as reconimendations for future use in
Ref. 2, these authors obtain diBerent results. Care must
be taken in such comparisons. Some authors use

inI, s;——lnI+ (C/Zs) p i (13)

IV. COMPARISON WITH RELATIVE STOPPING-
POWER MEASUREMENTS

It is only possible to compare a few of the results
obtained in the preceding section with other absolute
measurements, but there exist some relative measure-
ments of high quality. To obtain excitation potentials
from these measurements it is of course necessary to
normalize to a fixed material. We choose the value
found for Cu above. The method is then essentially the
same as that used for relative fitting in the last section.

I.et e be the stopping power per electron. If the
relative stopping per electron is given as r;=e;/eo„,

"I. M. Vasilievskii and Vu. D. Prokoshkin, Yadern. Fiz. 4, 549
(1966) LEnglish trsnsl. : Soviet J. NucL Phys. 4, 390 (1967)g.

instead of I. Where this is the case, values have been
converted to I. For I~„Bichsel" gives 326 eV, Fano'
315 eV, and Turner' 314 eV. Janni uses 318 eV, while
Bichsel (Ref. 2, p. 28) states that I=320&2 eV is the
best existing 6t to all data below 30 MeV. Recently a
high-energy result has been obtained from a new
measurement by Vasilievskii and Prokoshkin. " They
find that I=318~6 eV. It is seen that the agreement
between our value (320.8+3.8 eV) and the two last-
mentioned ones is very good. As the other data are not
as accurate, we see no serious discrepancy and will use
I=320.8 eV in the following.
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Burkig et al. 19.8 MeV
V Nakarlo et al. 2B.7 MeV

This work 3-12 MeV
Bakker 8 Segre 300 MeV
Teasdale 12 MeV

~ Vasilievskii et al.
200-600 MeV

Fra. 7. Excitation potentials
calculated from the measure-
ments of several authors. Error
indications in all cases as
stated by authors, i.e., the
uncertainty in the normaliza-
tion value Io, =320.8 eV, have
not been included for relative
measurements.

I

'20
I

25

Z2
30

we have

lnI;= f((0—(C/Zr); —r;Lf(P) —lnIc. —(C/Zs)c~j. (14)

If only Z& is not widely di6'erent from 29, the results do
not depend very much on the choice of the shell cor-
rections because they vary slowly with Z2, i.e., the
results do not depend on whether we use Bonderup's or
AValske's shell corrections.

The measurements evaluated here are those of
Teasdale" for j.2-MeV protons, of Burkig and Mc-
Kenzie" for 19.8-MeV protons, of Nakano et a/. 28 for
28.7-MeV protons, and of Bakker and Segre" for 300-
MeV protons. Not all of these measurements were made
relative to Cu. %here this is not the case, two ratios
have been combined to yield the ratio relative to Cu
although this lowers the accuracy of the results. Apart
from the use of diferent 6xed points, the result of this
evaluation is in very good agreement with a recent
calculation by Dalton and Turner, ' who used still
another approach to the shell corrections. The outcome
of our evaluation is shown in Fig. 7. Although the
agreement is generally very good, the authors concerned
must sometimes have underestimated their errors.

V. DISCUSSION

Figure 7 shows that the oscillatory tendency of I/Z&
is so strong that in the region 20&Z2&30 the general
decreasing trend of I/Z2 is reversed. Furthermore, a
fine-structure in I/Zs is seen. Elements of even Zs
appear to have lower I/Zs than their neighbors with

'~ I, G. Teasdale, University of California Report No. NP-1368,
1949 (unpublished).

~8 G~. Nakano, K. R. McKenzie, and H. Bichsel, Phys. Rev.
132, 291 (1963).

rs C. J. Bakker and E. Segrh, Phys. Rev. S1, 489 (1951).~ P. Dalton and J.E. Turner, Oak Ridge National Laboratory
Report No. ORNL-TM-1777, 1967 (unpublished).

odd Z2. It is, however, doubtful whether this is of
statistical signi6cance, especially because some of the
relative measurements indicate the opposite tendency
(cf. Fig. 7). Fano states (Ref. 1, p. 25) that interpolation
should be dependable to a few per cent of the value of
I in the range Z~) 20. This appears to be a dubious
procedure in regions where the positions of the osci11a-

tions have not yet been established.
The shell corrections as given in Table II are quite

close to those of Janni, but they are in some cases
smaller than the sum of Walske's E- and I.-shell cor-
rections. It is thus not possible to 6nd empirical M-shell
corrections by means of Table II, and care must in any
case be reconunended if these tabulated values are
fitted to theory. The evaluation as presented here will

classify all energy-dependent corrections to the simple
Bethe formula as shell corrections. These deviations
might be of diferent nature, e.g., deviations from the
Born approximation and errors caused by joining of the
diBerent regions of approximation. ' This might explain
why the tabulated shell corrections are 1ower than
Walske's E- plus L-shell corrections for lower Zg.
Another explanation might of course be that %alske's
values are too large in this region (where they are not
claimed to be valid). In any case this shows that it is
very questionable to use %alske's I. corrections at still
lower Z2 values. Recent measurements with single- and
double-charged ions at equal velocities have shown that
other velocity-dependent corrections are important and
have to be taken into account if Table II is compared
with theoretical estimates. "

It remains to be discussed what policy to choose for
future experimental work to obtain maximum in-
formation about shell corrections and excitation
potentials. It is apparent from Fig. 7 that our experi-

3~ H. H. Andersen, H. Simonsen, and H. Sgrensen, Nucl. Phys.
A125, 171 (1969}.
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especially urgent. It should also be noted that when
measurements are made relative to close-lying elements,
the inQuence of uncertainties in the shell corrections is
very much reduced, and in these cases it is best to
measure at energies considerably below the minima of
Fig. 8.

VI. CONCLUSION

The analysis of stopping-power measurements for the
series of metals from Ca to Zn has shown that it is
possible to separate the inhuence of shell corrections
from that of the excitation potentials also at the rela-
tively low energies (3—12-MeV protons) in question
here. The excitation potential for Cu has been found to

be 320.8&3.8 eV. This value is proposed as a future
standard for relative stopping-power measurements.
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Electron Paramagnetic Resonance of NpO&'+ in Cs,UO, C14 and CsUO2(NOs) st
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The EPR spectra of NpOss+ in Cs&UOsC14 and CsUOs(NOs)e have been observed at liquid-helium tem-
perature. The Npfl+ in its host crystals has been assumed to have an axial symmetry due to the strong
Np022+ complex. The resonances have been identi6ed and Qtted with the axial spin Hamiltonian

se =gi lit&I&I+glP (&s&z+&v&v) +Aim&s+B (IR&z+&v&v)+PP —ef (1+1)g.

For NpOss+ in CssUOsC14, the parameters are gr=1.32&002, (A(=0009&0005 cm ', ging=1. 3+03,
P= —0016&0005 cm ', and B=00880+0 005 cm '; for NpOss+ in CsUOs(NOs) s they are g&t =3 36+004,
A =0.166+0.003 cm ', gs=0.20&0.20, P= —0.030&0.003 cm ', and iB i

=0.20&0.20 cm '. The nuclear
ruoment of Np"7 has been calculated as 2.1ns and 2.9ps for Np'+ in CssUOsC14 and CsUO&(NOe)s,
respectively.

INTRODUCTION

' 'WO values of the nuclear moment of Np23~ have
been reported by Bleaney and co-workers' and

by Hutchison and Weinstock. ' Bleaney and co-workers
calculated a nuclear moment of 6.0p~ from their EPR
spectrum of NP'+ in RbUOs(NOs)s. A value of 2.7tttt
was reported by Hutchison and Weinstock based on
their EPR data on NpF6. The discrepancy of the re-
ported nuclear moments was later resolved by Eisen-
stein and Pryce. 3 By choosing a ground state diferent
from the one used by Bleaney and co-workers, Kisen-
stein and Pryce were able to calculate a nuclear moment
of 3.2p, ~ for Np23~ from the EPR data on Np02'+ in
RbUOs(NOs)s. The value of 40X10' cm ' for (y ')
used by Eisenstein and Pryce in their calculation was

t Research supported in part by National Science Foundation
Grant No. GP 6183.' B.Bleaney, P. M. Llewellyn, M. H. L. Pryce, and G. R. Hall,
Phil. Mag. 45, 992 (1954).

~ C. A. Hutchison and B. Weinstock, J. Chem. Phys. 32, 56
(1960).' J. C. Eisenstein and M. H. L. Pryce, Natl. Bur. Std. (U.S.)
Misc. Publ. , Monograph, Ann. Rept. , etc., 69A, No. 3, 217 (1965).

different from the value of 50&10" cm ' used by
Hutchison and Weinstock. If 50&10' cm ' were used
as the value of (y ') in Eisenstein and Pryce's calcula-
tion, a nuclear moment of 2.6p~ would bt; obtained. In
essence, the two reported values of the nuclear moment
of Np23~ are in agreement. We are reporting two more
measurements of the nuclear moment of Np"' from our
EPR data on Np'+ in CssUOsC14 and in CsUO&(NO, )s.

PREPARATION OF CRYSTALS

The samples were prepared by slow evaporation of
water from the salts in an acidic solution. The nep-
tunium was obtained from Union Carbide in the form
of Np02. The dioxide was oxidized to Np02+ in a solu-
tion of 6' H2SO4 and 0.1M KBr03.4 The NpO2'+ was
precipitated as neptunyl hydroxide. This hydroxide
was redissolved in solution of Cs2UO2C14 with HCl and
in the solution of CsUOs(NOs) s with HNOs. The mole

4 G. T. Seaborg, J. J. Katz, and W. M. Manning, The Trums-
nraninm Elements (McGraw-Hill Book Co., New York, 1949),
Vol. 14B, p. 1099.


