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ABSTRACT

In this paper we propose a semiemperical model for the mean excitation energy, I,
for all elements. By making use of the Monte Carlo technigue and.the lowest (class 1)
ionization potentials of the elements, we find that the mean excitation energy, I, can
be expressed by I, t1,s° lz’s +i, t1,5 where I is the lowest ionization potential and the
subscripts Z and S are respectively refered to the atomic number and the periodic order

of the element.

The I-values from our model are compared with those obtained from six other
theoretical models as well as the average experimental values. It is found that our I-values
are in good agreement with the experimental data for most elements and our model fis

over all much better than the others.

I. Introduction

The knowledge of the mean excitation energy (I-value) of an element is
necessary for computing the stoppong power or the range of a charged particle in
the given element. The energy deposited per unit absorber mass, i.e., the absorb-
ed dose from charged particles, is proportional to the stopping power of the
absorber. Also, the amount of energy deposited in an ionization chamber or

shielding material depends upon stopping power. Data on the variation of stopp-
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ing power or range with particle energy are often used to determine energies and
masses in nuclear cross-section measurements. But to calculate the stopping

power we have to know the mean excitation energy and the corresponding shell

‘corrections of the absorberl 2,3,4,

Dalton and Turnerd analymed the nine key expenments before 1966 for the
absolute stoppmg power, relative stopping power and range of most elements and

obtained the I-values with shell corrections. After 1967, many attempts have

been made to construct sufficiently accurate theoretical I-value models as well as

to obtain more precise experimental measurements. But there are still discrepenc-
ies. between the theoretical estimates and the experimental measurements. Fur-
thermore, so far there are no systernétic I-values for all elements available both
theoretically and experimentally. Therefore an analysis of the I-vaiues from the
recent experimental measurements and the different theoretical models seems to
be useful. It will also be useful to search for a semiempirical model for I-values
which m'igh‘t lead to a better understanding of the ex'perimental results.

I section II, we bn'eﬂy discuss the existing theoretical models for I-values.
As a theoretical background we also review the stopping power formula in this
section. The average‘experimental I-values obtained from analyzing the fourteen
key experiments are given in section IIL. Based on the core electron theory for
the interaction between the 1n01dent charged particles and atoms and by making
use of 'the Monte Carlo technigue one can construct a semiempirical model for
the mean excitaiton energy, I, for all elements The details of this model is given
in sectlonIV In section V we dlSCUSS in somewhat detail the comparism of our

model w1th others.

IL Analysis of the Theoretical Fvalues

We start from a brief review of the stopping _poWerA formula. Then we
snmmerizethe existing theoretical I-value models. The details for obtaining the
I-values from each model have been presented in the previous paper by the author$ .
The result is listed in Table 1.
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A. Stopping Power Formula

The basic the'oreticel grou’ndi;vork of the stopping power formula was 1aid
dowh by Bohr? in 1913. But the first quantum mechanical _solutidn was obtained
vby Bethe8, 95 10 using the Born approzimation. Bethe’s theory expresses the
energy loss per unit path length for a completely stnpped heavy ion of atomic
number z and velocity v as '

dE 4qz2 et ‘ 2fnv2 ' 2 ; -
= NZ [1 - 1. (D
ds_ mv2 S T b

where m and e are the electron mass and charge, N is the_number of atoms per
unit volume, Z is the atomic number of stopping material and"ﬁ' = v/c, the velocity
of the incident particle relative to the velocrcy of light.

If the velocity of the incident particles v is not large compared to the Bohr-
orbit velocity of the atomic electrons ve in the stopping matenal, Equation (1)
predicts too high a value for the energy 1oss. The inner electrons in intermediate
and high atomic number elements have velocities such that the condition v > ve
cannot always be satisfied: Also, the requirement may not be met when low
energy incident particles slow down in low Z materials. For these reasons shell
~ correction terms are included 1n the stopping power formula. Walskel!. 12 has

suggested a theoretlcal corrections for electrons in the K- and L- shells, and

Bichsel! 3, 14 has extended the theory to include the M-shell. Sachs and Richard- -

son!S have proposed a theoretical correction to include all shells. Dixon!®é also

used Bischsel and Walske’s dérivation to obtain the all shell corrections. By

making use of the shell correction, equation (1) is then to be weitten as

dE_ 4mz2e | 2mv2 E ¢
- = NZ [ln —=V"__ _pg2_ _ A i 1, (2)
ds mv? ’ 1(1- 62) Z

-where C; is the shell correctlon of the 1-th shell.
Due to polorization of the medium, the reduction in the energy loss of
charged particles must also be considered. Sternheimer!? summarized the theory

and presented the results as a density effect, 6.

Rt =
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Hence, the total average energy loss by ionization per unit path length per

: densrty of the absorber medium is -

dBE_ _ . _4mz2et NZ [ In 2mv?2 o i i3 3)
pdS - mv.2._ (1-62) Z 2 7T

Below about 200 MeV, § is neghglble in comparison to the expenmental errors

.I-values may be .obtained using equatlon (3) from expenmental values of range or

stoppmg power, provided the shell corectlons are known
B. Theoretlcal I-value Models

The mean excitation potential, I, is defined in the stoppmg power equation

to be the mean value of the energy transfer in a charged particle — atomic el-

- ectron collision which produces and excitation event. _ All of the atomic electrons,,
’ are cons1dered to partlmpate in the collision process Fanol8 deﬁned the mean

- rexc1tat10n potent1a1 as

InI= Z.fylnEn, o
where fn and Eq are the dipole oscillator strength and the excitation'energy of the
transition from its ground state to the excited state n respectively. The summation -

is extended to the various v1rtua1 oscﬂlators of strength fn and exc1tatlon frequency

"En/a. In principle I could be obtained fro_m equation (4). However, the: deter-

mination of I from this definition presents serious difficulties since the oscillator
strengths are not generally well known in the desired energy range. Most elements
have excitation energies (En) in the range 10 eV to 1000 ¢V, and in this range the
oscrllator strengths (fn) are poorly known.

Blochl? made a generahzatlon on the basis of the Thomas-Fermi statlstlcal
approach and showed that the mean excitation potential T of an atom should b_e.'

proportional to the atpmic number Z,
I =KZ.

Since the value of K was not specified, attempts have been _made to evaluate K
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from the experimentally derived values of I for some known media. It is known
that the values of K thus obtained differ fc~>‘r different media and that for media of

low atomic numbers, -these values are unexpectedly high. Furthef,-in the absence
of any definite trend in the variation of K-with Z, it is difficult to make interpol--

ations or extrapolations on the basis of the avaiable data to obtain the value of I

for an unknown medium with any degee of certainty. Five differentﬁsemie_mpi'rical

equations models have been proposed before 1967:
1. Bloch1 9 (1933)

1=KZ, where K is about 15 eV for low Z absorbers,
K is about 10 eV for high Z absorbers.

2. Bafkvaskand Berger20 (1964),, based on H, Be, Al

__%1_= 12 + z7 , Tagj<163eV

3. Sternheimerl!? (private communicafion_to Barkas and._Be;ger), based on Al,
Cu,Pb. '

__.l_;ad' = 976 + 58.8/Z1-19 | Iq;>163eV :
4. Dixonl6 (1967), based on Al Si, Fe, Pb.
—;- = 9.81+35.5/Z

5. Dalton and Turners (1967)

1=(102£2.07)+(11.8 +0.55) Z, for Z<13 -
I=(56.1%%.76) + (8.61 +0.37) Z, for Z>13

In 1968, Kamikawai, Watanabe, and Ar\nemiya2 1 used the vziriatiénal_method :

BE+ W HEE

without integration over a frequency parameter to calculate the mean eXCitatiOn' o

» energy I in two ways. The first one is the procedure involving a »matrixdiagona—



ewmesN%mwas~ﬁmNmsMW«mm

(347) | |
lization. In the case of small number of variational parameters, this method can
easily be applied. The second one is the procedure by expfe'ssing I in terms of

fnatrix powef series. The matrices, which are independent of frequency parameter,

can easily be calculated using a vector function. - These methods, as well as the

direct calculation, involving integratior over w, are applied te the hydrogen

- molecular. They obtain 18.2 eV for the I-values of the hydrogen molecular.

In 1969, Futrelle and McQuarrie2? used linear programming method to
calculate rigorous upper and IOWer bounds to quantum—mechaﬂicai properties and
have illustrated it by calculating the upper and the lower bound to the mean
excitation energy of hydrogen, helium, neon, argon and krypton. (In this method
the knowledge of certain oscillator strength sum rules were used. The sum rules
themselves have been calculated in most cases in an approximate way so that

vmaccurames in the sum rules will be reﬂected in their otherwise rigorous bounds.

The bounds they obtalned for. I are:

H, 14.0<I (eV)§1‘5.2 He, 14.1<I (¢ V)<43.5;
Ne, 90<I(:V)<181; Ar, 64<I (¢ V)< 295;
Kr, 88<1 (. V)<476.

- In 197 2, Bell, Bish, énd Gillzj.‘3 used'beth the HartreeeFock wavefunctions to
evaluate atomic exl;e'ction values and the reliability of the interpoletion with
-separate atomic subsheH contnbutlon scheme to obtain the I value of He, Ne, Ar,
Kr, Xe, and Rn. The calculatea results are: Helium, 2.92 Rydberg; Neon, 8.97
Rydberg; Argon, 12.8 Rydberg; Krypton, 24.3 Rydberg;and Xeron, 33.1 Rydberg,
‘where 1 Rydberg is equivalent fo*1.3—;59994 eV.. ,
In 1972 Chu and Powers24 used Lindhard and Scharff’s25 theory with a
~Hartree-Fock Slater26 charge dlstnbuuon to calculate the I-value in the stoppmg

‘power. The calculation were based on:

(1) itis at the h1gh—veloc1ty hm1t and therefore the 1 value is independent of

- velocity. _ v
(2) the Hartree-Fock-Slater'waye functions for an isolated atom, instead of the

wave functions for the valence electrons in metals are used, and the effect of
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chemical binding on valence electrons in diatomic molecules is neglected.
The calculated I values for all elements are listed on Table 1. _
-In 1974 MukheI]127 calculated the I value of an element of atomlc number Z
n the basis that the velocity distribution among the orbital electrons of an atom
is given by n(us) = f (Z) us/vo, where n(us) is the number of obltal‘ electrons w1th
velocity less than Us, Vo is given by e2%i!, and f(:‘ (Z) assumes the valuges 0.2872/3
for Z<45.5 and Z1/3 for Z<45.5. The calculated values for the case fof elements
with Z<13 are in fair agreement with the corresponding experimental: \}nlnes of the
mean excitation energies, but for the heavier elements these are appfeciably lower

than the experimental values. The model may be described by

mi= 272 pp(—Z=2 y2 1361+ -—3— In (13.622),
zZ

2,717 1(Z)

Where f (Z) = Z1/3for Z>45.5
' f(Z)=0.28 Z2/3 for Z<45.5
In 1975 Dehmer, Inokut1, and Saxon28 used the stoppmgpower dependmgv

on the moment, of the dipole oscxllator—strength dlstnbutlon to calculate ‘a

comprehensive set of partial dipole oscillator strengths and the related mom e_nts7

for the atoms of the first two rows of the periodic table. They derived the
moments S(u) and L(g) = d S(p)/ p for-6<u<Ifrom the comprehensive Hartree-

Slater oscillator distributions for He through Ar. The stopping power depends on
L (0) for fast charged partlcles and therefore the mean excitation energy I can be '

defined by

1,. L@ . _L@©
R S (0) S Z

In (
The I-vahies for Z=2 through Z=18 obtained by these authors are listed in Tablel,
Crawford2? used the latest form of the “straight-ahead” stopping. power

equation as part of a Monte Carlo Nucleon transport program without shell

corrections to evaluate the T-value. The “straight-ahead” model assumption that

W 5
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the path of the particle is the shortest distance from entrance to exit in a medium
can be corrected in a number of ways. By making use of the Monte Carlo tech-
nique Crawford included the multiple scattering correction in his calculations.
The result are also listed in Tablel.

The theoretical I-value models discussed above are based on different physical
assumptions. These include theoretical oscillator strength distribution (OSD)22,
semiempirical OSD23, moment theory2?8, variation-perturbation theory2!, and
local plasma model of Lindhard andl Scharff24. None of the models considered
here represents a comprehensive model for determining the I-value for all elements.
A further development in theoretical study is required. Before a better theoretical
model is available, it seems to be useful to search for a semiempirical model for I-

values which might lead to a better understanting of the experimental results."
III. Analysis of the Experimental I-values

The experiments which yield the information about the mean excitation
'energy can be classified according to the parameter measured: stopping power

relative to a reference absorber, absolute stoppimg power. or range. Thus, what
we need to do before analyzing the experimental Ivaluesis is *o normalize the

Ainitial data of different experiments to the same scale or to the same stopping

materials. We first introduce the formula relating the relative stopping power,
absolute stopping power and range. Then the fourteen key experiments can be
anaiyzied to obtain the I-values based on the same scale. The details of the

alanyzing procedure has been p,esented in the previous paper by the authorf.

The results of the analyzied expérimental I-values are listed in Table 2.

A. Description of the Original Experimental Data

1. Measurements of Relative Stopping Power

Equation (2) for the stopping power formular can be rewritten

Ip

Sy, = -
p="1 ds
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The subscripts “D” is referred to the standard absorber, and 82 and f(8)
can be find in Table 8d-1 of the American Institute of Physics Handbook3©
(The Third Edition) 1972. The ratio of the thickness of a test absorber
to that of the reference absorber for the same incident particle at a given
energy with the same energy loss is defined as the relative stopping
power. The stopping power of the test absorber is given by equation (5)
with the subscript “D” replaced by “R”, and the relative stopplng

power, S, is therefore given by

g = SR - _(-dE/dS)R
Sp ( - dE/dS)p

- _ZgAp (1) -inlr- FG/DR
" ZpAR f@®2) -In Ip- & G/Z)p ;

(6)

where s is measured quantity.

The mean excitation potential, Ig , can be calculated from equation (6) if
the shell corrections, Zj Ci/Z, are known for both the reference (stand-
ard) and the test elements. Also Ip must be known for the standard
absorber.

Measurements of Absolute Stopping Power

The absolute stopping power of an absorber is obtained by a direct
determination of the energy lost by charged particles in the absorber.
The mean excitation potential, I, of the absorbing material can be

calculated from the absolute stopping power directly by using equation

(5).

P
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3 Measurements of Range
The range of monoenergetlc heavy partlcles with kinetic energy E is well
defined only when the particle losses energy without scattering. The
quantity related to range R(E) which can be calculated from stopping
power theory is the theoretical mean range Rt (E) in ‘the continuous _

slowing-down rarp‘proximation C3SDA:

R (B) = [F — dE
0 (—dEMs) o

A small difference between R(E) and Rt(E) is caused by the use of
CSDA‘ apprbxiﬁmation.v, Because the stopping power formula does not.
‘hold at very low particle velocities, equation (5) cannot be used directly
~ to calculate the mean‘-excitation' potential values. This CSDA range

equation must be rewritten as

= i E : 1
R=Ro @)+ [} —— oo O ®

Where Ro (Eo) is the measured rénge of particles with some low energy
Eo. .

The straight ahea'd model or linear method of determining I from a range
measurement is to estimate the probable I-value of the absorber and then
to numerically intergrates the reciprocal of the stopping power formula
over the energy interval Eo to E. A measured value of Ro (Eo)"is added
to the result of the numerical integration to obtain the total tange R.
_The value of I is adjusted until it matches the experimentally measured
range. ' |
The determmatlon of the relatlve stopping power involves the measure-
ments of the energy losses in terms of ‘the path lengths of an 1omzmg
particle in a test absorber and a reference absorber. The reference absor-

ber used in measuring relative stopping powers is made of either aluminum
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or copper. Thus it is necessary to know the I-value and the correct ishelf
corrections for aluminum or copper. In some cases, improved shell

, correction values permit the: reanalysis of an experiment. Thus the
recalculated I-values reported in' Table 2 takes into account both a
normalization of the relative stopping power measurements to I = 163
eVfor aluminum or I = 314 ¢V for copper and the effect of the new
shell corrections. The average experimental I-values based on the work

- of many investigators can then be analyzied.

B. Analysis of Ejenments _

Before 1967, nine selected key experiments had been analyzied for calcula-
ting I-value by Dalton and TurnerS. Since 1968, fourteen key‘expeﬁments are
essential in deciding the experimental I-value, which are: Crawford29,31; Burkig
and Mackenzie32; Ishiwari, Shiomi, Shirai, and Vemura33.34; Andersen, Simon-
sen, Sorensen, and Vajda35,36.37; Swint Prior, and Ramirez38 ; Derrigk, Fields,
- Hyman, Keyes, Fetkovich, Mckenzie, and Wang39, _The"analysis of these key
experimental I-values based on the Range ahd,Stopping—Power Table by Barkas &

Berger*0 was carried out by the before6. The result of the average experimental.

I-values and the experimental errors for all elements are given in Table 2.

IV. Evaluation of the Mean Excitation Energy for all Elements

A. Semiempirical Model

The ionization potential is defined as the work (expressed in electron voltS)

required to remove a given electron from its atomic orbit and place it at rest at an -

inﬁ?lite distance. The mean excitation parameter, L is defined to be the mean

_ value of the minimum energy transfer in a proton—atomlc electron collision which
porduces an ionization event. All of the atomic electrons are cons1dered to part-
Aicipate in the collision process. According to Mukherji’s theory27 if one neglects
the minor coupling effect between the electronic bindings, one may attribute the

~ oscillators to the transition probabilities of the individual atomic - electrons.

Further, since the total oscillator strength for each electron is close to unity for

TN
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the most significant transition's of the closed shell electrons, ohe may identify the
mean éxcitatio_n energy I with the mean ionization potenﬁal in the first approvi-
matiqn. Keeping this idea in mind, one may consider that, as far as the [-value is
concerned, for two adjacent elements in the same period only the lowest ionizaticn
potentials aré different. This is due to the fact that they have the same corc
electrons.

Based ‘on this core electron theory, one can find a semiempirical model to
evaluate the I-values for all elements rather than merely find a mathematical
equation which fits the analyzied experimental I-values obtained in section Iil.
Assume that the lowest ionization potential is of the magn'i_tuide of the difference
of the mean excitation energy between two adjacent elements. Then the proposed
semiempirical formula can be used to determine the correct I-value by making use
of both tht Monte Carlo calculation technique for calculating the I-value for one
of the elements in each period and the lowest (Class 1) ionization potential re-

ported in the Handbook of Chemlstry and Physics4!. The expression for the
semiempirical model is then

Iz:l,szlz,s iiz_tl,s’ (9)

where. I is the mean excitation energy and i is the lowest ionization potential, and |
the subscripts Z and S refefs to the atomic number, thé order of the period of the
element respectively. For example, for the first period elements, S=1,I<Z<2;
for the second period elements, S = 2, 3<Z<38,etc. Forthe maximum period
S =8, and 99<Z<104 (the maximum Z is 104, so far).

For the hydrogen atom, only one electron can be involved in a collision.
The lowest ionization potential value of 13.60 eV and the x-ray K edge ionization
potential of 14 eV are in close agreement. Thus the mean ionization potential is |
really one electron and should be the same with = 13.6 V.

Helium with two electrons has a lowest ionization potential of 24.48 eV and
an x-ray K edge ionization potential of 25 eV. Using the semiempirical model, (9),
we obtain I = 38.08 eV for helium. Both electrons would be invelved in the

nucleon - electron collision process. The Class 2 ionization potential of helium is
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54.40eV. The sum of the two ionization potential is 78.88 eV.. If the mean

value, I, involves both with equal weight then I would be equél to %2 (24.48 + |
54.40) = 39.44 eV. The experimental values of 15.7 £ 0.6 for Hand 43.0 £ 0.6

eV for He are listed on Table 2, as compared to those of 13.60 and 38.08 for our

model.

The problem becomes more complicated in stepping form the first period to
the second period. "To compute the I-values for the second period, we first choose
carbon as the key element . From eq. (2) with the value for the stopping power
obtained by Crawford etal4 2, we obtain I = 72.34 eV for carbon. The I-values for
the rest of the elements in the second period are obtained by adding in turn the
lowest ioniztion potential of each element. °

As explained Before, in our model we assume that within a given period the
Class 1 ionization potential represents theb difference in 5the mean excitation po-
tential, I, between any two adjacent elements and that the correct value for I is
known for at least one element in the period. Thus we choose aluminum as the
key element for the third period. Its 1—value can also be obtained from eq. (2)
and we have I,,=163.0eV With the I-value for Al we can then compute the I-
values for the rest of the elements in this period according to the semimpirical
formula (9). Similarily,v the I-values for the fouth period are obtained by choos-
ing Cu as the kéy element with lcu = 313.97 V. The results are listed in Table 3.
Note that in our computation we neglect the density correction, since the proton

energy is lower than 200 MeV. Therefore we use eq. (2) instead of eq. (3).

B. Calculation Procedure

The stopping power for incident protons in the energy range from 8 to !86
MeV of seven elements had been remeasured by Crawford’s group 1977. The
I-values of these seven elements are then computed by using the new Monte
"Carlo Approach PROTOS III computer program with shell corrections. The
details of the computer program was given in “Joint Meeting, Texas Secfion of
The American Association of Physics Teachers” by Crawford and the author43.
The calculated I-values of these seven elements are: Be-53.34¢V, C-72.34 oV,

BE+I® ®#BXH
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':Al-163 OeV, Si- 172 3eV Fe-3009eV Cy-313.97¢V, and Py-743. 95eV

With the aid of CDC computer in- Chung—San Technology in Science, the I-

- values for all elements can be obtained from eq. (9). The results of this calculatlon

are ‘listed in Table 3. .

“C. Results

1. Individual Corrected I-values: _

o Figure'I shows that the meanv excitation energy, I, plotted against the
atomic number, Z. The noted “*” mark represents the I-value obtained from
the 'moc_lel_'prop’o:sed in this paper. The average experimental I values and the
Ivalues from different the‘oretic_al .models are also shown. in Fiqure 1 for
comparison. The I-values obtained from our model are also listed in Table 3.

From F igufe 1 we sec that the I-values obtained from our semiempirical
‘model fit the experimental average I-values very well except 19<Z<27.

2. Suggested I/Z Average Value:

Figure 2 shows I/Z plotted against Z, and we see that I/Z values fit the |
expemnentaI data very well except 19<Z<27. The dlscrepancy may be
caused by such as Fanol8 stated that the interpolation should be d_ependable
to a few per cent of the value of I in. this region or byk the well known fact of
specially ’str'ong m?gnetic dipole moment in 3d-shell effect. It may also be

improved in vt‘he 4-th period simply by changing the key element.

V. Conclusions

An examination of Figure ‘1 shows that the new calculated values of I are

- generally in better agreement with experimentai averaged I-values than.the other

| theoretical I-value models, except in the case of 19 <Z<27. In the case of the -

lighter elements, the calculated I-values are also in fair agreement with the corre-
sponding values by Mukherji27. For f' > heavier elements, the.calculated T-values
appear to be rather in excellent agreement with the experimental I-values.

~ In view of the fact that our I-values are rather in good agreement with the so

far available experimental data, the predicted I-values for those elements without
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experimental data seems to be reliable. Therefore our-model m'i'ght be u‘seﬁ_il in
constructing a better theoretical description for the proton penetration pheno-

mienon,
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