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Shell corrections in stopping powers
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One of the theories of the electronic stopping powefor fast light ions was derived by Bethe. The
algorithm currently used for the calculation 8fincludes terms known as the mean excitation enérghe
shell correction, the Barkas correction, and the Bloch correction. These terms are described here. For the
calculation of the shell corrections an atomic model is used, which is more realistic than the hydrogenic
approximation used so far. A comparison is made with similar calculations in which the local plasma approxi-
mation is utilized. Close agreement with the experimental data for protons with energies from 0.3 to 10 MeV
traversing Al and Si is found without the need for adjustable parameters for the shell corrections.
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[. INTRODUCTION of view, viz., particle speed is represented by the kinetic
energy of the particles, stopping numbers are given for spe-
An important concept in the description of the interactionscific elements. The present theory gives calculationsSof
of fast charged particles with matter is the stopping powetvith no free parameters for the shell corrections, and is ac-
S=—dT/dx. It gives the average energy loss per unit pathcurate to about+0.4% for T>10 MeV, about 1% afl
length of the particles, and is used in applications such as0.5 MeV.
nuclear physics, radiation detectors, cancer therapy, space
exploration, etc. Reviews can be found in Boh}, Fano[2], Il. CALCULATION OF STOPPING POWER
NAS-NRC Publication 11383], Inokuti[4], ICRU report 49 ) . )
[5], Bichsel[6—8], and Ziegler[9]. The theory considered  Discussions of the Bethe theory & can be found in
here was developed by Betfi#0—132, Bloch[13], and oth- Many paper§2—4.6. Here, the formulation given in Refs.
ers[14,15. The present study describes the functions needetp:20,21 is used. The mass stopping powes (in
for the calculation ofS for practical applications, and is re- MeV cr?/g) of particles with chargee, kinetic energyT,
stricted to protons anda-particles with nonrelativistic and speed = gc is calculated with
speeds. An important aspect is the comparison with the ex-
perimental measurements. The expression used to cal@late _ _ dT 2me? 2_2 B @ B 0-1535422_28
is given in Sec. Il with short descriptions of its components. o dXx me& /an B2 ne= B> A '
In Sec. lll, the principal parts of the study, the calculations of (1)
the stopping numbeB and the shell correctiors, are given.
The emphasis is on the numerical determinatioB@ndC  wheremc®=510.999 keV is the rest mass of an electron,
rather than a derivation with theoretical-analytical methodsk=2.54955< 10 % (eV cn?) [8], n=6.0221x 10°°Z/A the
Calculations are made with a model more realistic than the@umber of electrons per grard,andA (g) the atomic num-
hydrogenic approximatiofi5]. Since these calculations are ber and weight of the absorber, aBdis the dimensionless
complex, results for Al and Si only are given. A comparison“stopping number.” Other parameters used are the proton
with other models is made. mass Mc?=938.256 MeV, and, for Al Z=13, A
In experimental measurements, the energy Ie#sag- =26.9815 g/mole, for SE=14, A=28.086 g/mole.
gling) spectrapp(x,T,T;) (whereT is the initial energy of the Bethe[10] derived an approximation foB given by B,
particle, andT, is its energy after traversing an absorber of =2L,,
thicknessx) are measured. A discussion of the measurements
and use ofis given in Sec. IV. Finally, experimental data of 2mepy? 5
shell corrections are compared with the present calculations I-a('8)2|n|—_ﬁ =f(B)~Inl~In2mo/1,
in Sec. V. 2
Note that, for thin absorbers, the mean energy loss loses
its usefulness, and a more appropriate quantity is the mosthere y?=1/(1— 8%) [22], | is the mean excitation energy
probable energy lo48,16—18§. A description of the physical of the electrons in the atom, and the last expression is the
processes in the energy-loss interactions can also be foundpnrelativistic approximation.
e.g., in Refs[7,8,19. A better approximation is obtained with
The calculations are presented from an experimental point 8)
B

L(B)=La(B)~ —5—+ZL(B)+Lolz.B), (3

*Author to whom correspondence should be addressed. 1211
22nd Avenue East, Seattle, WA 98112-3534. FAX: 206-685-4634where C(8) is the sum of shell corrections aind andL,
Email address: bichsel@npl.washington.edu are the Barkas and Bloch correction terms. These functions
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TABLE I. Values of functions occurring in Eq$2) and(3) for protons with energyl (MeV) traversing Al,I =166 eV, InI=5.112. The

Bethe asymptotic stopping number, E(®. and(15), is L (B8)=f(B) —

In1, the Bethe approximation for the stopping number, @4), is

L,= L,—Z2=C;/Z, with C; according to Sec. Ill C; the stopping number including the corrections discussed in Sec. IIB and Sec. IIC is
L=Lp+zL;+Ly(2), Eq. (3). The last column gives the ratioof XC;/Z to L, in percent.

T B? f(B) L, Ly L Cxlz C/z Cul/z L, -L, r

0.3 0.00064 6.482 1.370 1.234 1.374 —0.1568 0.2731 0.0201 0.2343 0.0935 9.9
1.0 0.00213 7.685 2.573 2.349 2.461 —0.0111 0.2282 0.0070 0.1418 0.0295 9.1
3.0 0.00636 8.780 3.668 3.493 3.544 0.0694 0.1032 0.0023 0.0607 0.0100 4.9
10 0.02098 9.973 4.861 4.771 4.786 0.0565 0.0328 0.0007 0.0176 0.0030 1.9
30 0.06101 11.043 5.931 5.896 5.900 0.0241 0.0106 0.0002 0.0051 0.0010 0.6

(exceptL,) depend orZ. Values for the functions in Eq3)

see Fig. 7 in Refl31]. Note thatl, is proportional taz? only

. . . . 2
are given in Table I. Some further corrections are mentionedor smally, wherelL,~—1.20%°, see Table I.

in Sec. IID. Several terms in Eq&) and(3) are considered
next, while the Bethe derivation & and the shell correction
C are discussed in Sec. lll.

A. | values

The mean excitation enerdycan be calculated from

InlzJ'f(E,O)InEdE/J’f(E,O)dE,

(4)

wheref(E,0) is the dipole oscillator strength for an energy
transferE andf(E,0) is closely related to the optical absorp-

tion coefficientd 10,2,4. A derivation of Inl is given in Sec.
IITA. For Al, a value | =165.7 eV has been calculated with
Eq. (4) [23]. This value agrees with=167 eV, derived from

the measurements for protons with energies from 12 to 30ameters fi

MeV [24]. Here,|=166 eV is used. For Si,=173.5eV
was measured in Reff24], while | =176 eV was found from
measurements with 70 MeV protori25]. The value |

C. Barkas correction

In a classical description of the collisioi82—-34 the
Barkas effect arises from the inclusion of the displacements
of electrons from their equilibrium positions during the col-
lision. Since no complete theory &f; is available, an em-
pirical approach is used here. A functibg, derived by Ash-
ley, Ritchie, and Brand{{33], based on the harmonic-
oscillator model, is used to approximate the Barkas
correction[31]. It is given by

_yF(b/x'?)
1= 712,32

(6)

where x=0v2/(Zv3)=18779%/Z, andb and y are the pa-
tted to the experimental data. Note thatdoes
not depend on particle mass or charge.

In Eq. (10) of Bichsel[31] it is seen that the experimental
values ofL; can be determined from the measurements for

=173.5eV is used here, and energy-loss measurements Wihiotons andy particles with the same speed if it is assumed

290 MeV/u C ions[26] and measurements of straggling in
Ref. [17] agree with this value. An uncertainty af 2 eV
should be assumed for thevalues.

B. Bloch correction

Lindhard and $enser{ 27,28 showed that the correction
term

1

ey ©

|—2=_y22

=1

with y=zv,/v=az/B=2/(1378)' is caused by a differ-

thatC/Z does not depend on particle mass and charge. Simi-
larly, Eq. (12) of Ref.[31] gives experimental values af;
for particles and antiparticles. From a least-squares fit with
Eq. (6) to the experimental data for Al of Andersenal.[30]
the parametery=2.04p=1.78 were found. For the experi-
mental data of Anderseet al. [35] for protons and antipro-
tons in Si, the valuey=2.04b=1.88 gave a good fit.

From the uncertainty£ 0.003) ofA . given in Ref.[30],
the uncertainty ofL; is =0.007 at 0.8 MeV, increasing to
+0.0126 at 5.6 MeV/nucleon. This uncertainty will enter
directly into the calculation of experimental shell correc-
tions, Sec. VA, but will be the same for all experimental
data. The use of E(q6) for energies below 0.8 MeV/u and

ence in the perturbation and exact transport cross sectiongbove 5.6 MeV is an extrapolation which may give unreli-

This function was originally described by Blo¢h3], and a
simple description was given in Rg29]. It originates from

able results.
Sincel ; here is a function derived from the experimental

close collisions of the ions and the target electrons and iglata for protons ande particles, a number of effects dis-
here assumed to depend little on the absorber. The functiotussed in Refl34] (e.g., angular deflections of the particles

L, is used without the scaling factor introduced in R&0],

L= ac is the Bohr velocity.

during energy losses to electrons, assumptions about the
atomic model used in Ref$33,36) are lumped into the
approximation forL,. The dependence on particle charge
appears only in the coefficiemtof L; in Eq. (3). Thus the
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use in Eq.(6) of differentb for protons andx particles by Q1 o

Porter(e.g., Ref[37]) is inconsistent with the basic concept B(U):f dE{j f(E,O)dQ/QJrf f(E,Q)dQ/Q

of the Barkas correction. While the parametbrand y are Qm Q

not derived from first principles, they are not adjustable for Q1

the present comparison with the experimental data. + fQ [f(E.Q)— f(E,O)]dQ/Q], (8

whereQ); is a small, fixed value. The integral of the first part

is
A number of corrections have been discussed by Ahlen

[38] and by Lindhard and 8ensen27]. They are important

for fast, heavy ionde.g., C, F& and would have to be in-

cluded in Eq.(3). For the particles and speeds considered

here, these corrections are small; the largest one among them Q1

is the “nuclear stopping power[5], and yet it contributes :J dE f(E’O)I”(EZ/Z—mz) 9

less than 0.1% above 0.4 MeV/u. The close collision Mott v

correctionG(z,8), Eq.(4.23 of [38] amounts to 0.03% dB

for 30 MeV protons, and increases with3—it might =In ZmUZQl_j dE f(E,0)2 INnE=In

amount to the order of 2% for 300 MeV/u Fe ions. The

electron capture and loss effects should be very small for

protons with energies above 0.3 Mg®9]. For « particles, ~Where the sum rule

see Sec. VC, and for Li ions, see Table Il in RE1]. A

correction due to the polarization of the medium is the den- f f(E,0)dE=1 (11

sity effects [5,8,22,40,41 It amounts to 6< 10 ° of B at 30

MeV. The effect of multiple scattering must be considered i

the experimental measuremeh842-44, see Sec. IV.

D. Other corrections

Bl(v)=f dEf(E,O)fjldQ/Q

2
2m:)2 Ql , (10)

Tor the dipole oscillator strengthE,0) was used for the first
term of Eqg.(10) and the logarithmic mean excitation energy

Inl already defined in Eq(4) is obtained from the second
I1l. STOPPING NUMBER B AND SHELL CORRECTIONS C term.

In this section methods used to calculBtare described. For the second parB,, the order of integration is ex-
In Secs. IlIA, IlIB, and Il C, Bethe's quantum-mechanical ¢hanged and the upper limi in the integral overQ is
calculation with the first Born approximation of the collision "ePlaced byQy=2mv* (see Figs. 3 in Refd2] and[45]),
cross sections, and in Sec. Il D, the Lindhard-Wintpés] ~ resulting in
method giving the interaction with a free-electron gas are 2m2dQ
described. The harmonic-oscillator model is not considered BZ(U):J' m _f dE f(E,Q). (12)
here; it was used in the description of the Barkas effect in o Q
Sec. Il C and was discussed by Sigmund and Haadelip
Another method used to obtalhis a scaling procedure, Sec.
HE.

With the sum rule for the generalized oscillator strength

| teQue-1 13
A. The Bethe calculation
we get
In the first Born approximation, for nonrelativistic speeds, )
Livingston and Beth¢12] gave the stopping numb& as
g €129 ppPing Ba(v)=In"g)— (14
1

If we assume for the third paBj; thatv is large,Q,, can be
replaced by zero, and the integral is equal to zero because of
the sum rule, Eq(13), then the Bethe asymptotic stopping
where f(E,Q) is the generalized oscillator strengt6OS  number i$
[4]) for a transition from the grzgund state of the atom to an (2mv?)2
excited state of energf, Q=K<=/2m represents th¢hypo- _ _ v
thetica) recoil energy resulting from the momentum transfer Ba(v) =By () +By(v)=In 12 =2L.. (19
K from the incident particle to a free electron, ay,
=E?2/2mv? (for a more exact expression fQ,, see Inokuti  The errors in this derivation of E415) can be corrected by
[4]). The calculation oB can be made for each atomic shell defining the Bethe approximatidi 2]
separately47].

In order to avoid explicit calculations df(E,Q), Bethe
[10] used the following approach that is valid only for the 2The factor 2 in Eq(15) frequently is included with the coeffi-
whole atom. He divided the integral ové€xinto three parts: cient 0.153 54 in Eq(1), giving a coefficient of 0.307 08.

B<v>=def; f(E,Q)dQ/Q, @
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Ly=L,—C/Z. (16) 0.3
Values ofL, andL, are given in Table I. Equatio(63) of 02 F
Fano[2] shows thatC/Z consists of two parts, vizC=C; C
+C,, where 01 [
1 Om dQ N F /)
C =—def f(E,Q) —f(E,0]—= 1 N 00 7
=5 , [EQ-f(EOIG (17) S I ]
—0.1 F ¢/ K shell -
corrects for settind,,=0 in B, and aE ]
-0.2 H: -
Com f dE f T e (18 i protons in Si ]
2 2 om? - Q Y < NN
0.1 05 1 5 10
corrects for the changes made with E¢E2) and (13), see T(MeV)

Figs. 2 and 3 in Ref[2]. The correction can be calculated
separately for each atomic shell. Corresponding corrections FG. 1. K- andL-shell corrections for SiZ=14) as a function
for the electron-gas model are illustrated in Fig. 3 ofof proton energyT. The solid lines showC, and CL=Cy+Cyp
Lindhard and Winthef45]. calculated with the present theory. The dotted linesGeand C,
The correctionC is due to the approximations made in calculated with the hydrogenic approximation of Sec. Ill B with the
deriving Eq.(15) and is only indirectly related to the orbital canonical parameters given by WalsKet] (viz., Z| os=Z2—4.15
speeds of the electrons in the atoms. No formal name foand® =0.35). A function to matciC, at the peak, shown by the
C(v) was used in the Bethe-Walske papgt&,14]. To the  dashed line, was calculated with the scaling method (8}, with
extent thatC is calculated for each atomic shell, the expres-V, =1.17,H_ =1.2. The dash-dotted line gives the approximation
sion “shell correction” makes sense and it was used with thigdefined by Eq(21).
meaning in Ref[48]. Note also that the correction needs to
be made forall shells[45], and the expression “inner shell and 2500 Ry, and for more than 1000 valuesSQofSpecifi-
corrections” is an approximation implying that the correc- cally, Q was increased until(E,Q,) was less than 10 of
tions for outer shells can be neglected. The first calculationg % f(E,Q)d In Q. Typically, Q, was about E or 3E, with

of C(v) for K shell electrons were given in Refd.2,14. the maximum value of (E,Q) occurring atQ~E (“Bethe
ridge” [4]). In order to check the accuracy of the numerical
B. Calculation of f(E,Q), B and C with hydrogenic mte_gratiops ovelE, the tables off (E,Q) are extended by
wave functions cubic spline interpolatiod53] for up to 2000 values. The

stopping number®8 were calculated with Eq(7) and the

If Coulomb wave functions are used to represent electronspq|| corrections with Eqg17) and(18). Results forCy and
ejected from atoms, analytic expressions can be derived fOéchz +C,, are shown in Fig. 1 fdr Si. For thMKsheII
S p . .

the generalizeq oscillator strengfiE,Q). _Such functions electrons, this approach cannot be used becausk thiec-

may be found 'E ﬁefs[lZ,lAAQ. Qﬁlc#Iatlops of StoppiNg  1ons are shared in the solid-state structure of the materials.
numberB and shell correction€ with these functions were o refore, these electrons are considered as an electron gas
made forK- andL-shell electrons by Walskigl4] and forM with the stopping numbeB=2L given by Lindhard and

shell electrons by Bichs¢b0]. Walske suggested that the Winther in Fig. 4 of Ref[45]. The first correction term in
shell results would not be accurate for atoms witir 30. Eq. (20) of Ref. [45] is used as an approximation

This can be seen in Fig. 1, whef® calculated for Si is

shown. These results were obtained with numerical integra- 0.3mp?2
tions that pose problems for the accuracy of the results de- CM=—2FZ=a,\,I /T, (19
scribed in Ref[50]. Similar problems occur for the calcula- mv /2

tions described in the following section.
wherevg is the Fermi speedl (MeV) is the energy of a
C. Calculation of f(E,Q), B and C with Hartree-Slater proton, anday, is a constant. For Ala,,=0.090 MeV, and
wave functions for Si, ay,=0.109 MeV. Fand2,3] gave an equivalent ex-
pression in his Eq(58). The contribution ofC,, to B is

Calculations off (E,Q) were made with the method de- small, see Table I. The total theoretical shell correction is

scribed by Mansoh51]. For the ground-state wave functions
and the atomic potentials data from the Herman-Skillman

tables [52] were used. They were calculated with the Cr=Cx+Cast CoptCy (20
Hartree-Slater approximation. Wave functions for electrons

in continuum states were calculated by numerical integratiomnd is shown for Al in Fig. 2.

of the Schrdinger equation as described by Mangéd]. A similar calculation ofC was made by McGuiret al.
Such calculations were made for theshell and botH. sub-  [54], but was found to be inaccurafg5], see Fig. 2. The
shells for Al and Si for 320 excitation energiEsbetween 0  approximation given by Walskiel 4]
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would provide better agreement with experiments. Such a
calculation, based on a potential derived from the Desclaux
[59] atomic wave functions was made with a program de-
scribed by Bichsel and LaulaindB0] and is shown by the
dotted lineCy, in Fig. 2. A shell structure is seen clearly but
is more peaked than that seenGg .

Other aspects of the local plasma approximation were
studied by Johnson and Inoky®1]. They found that the
oscillator strength spectra calculated with the local plasma
approximation differed considerably from those obtained

0.30 [
0.25

0.20

0.10 £ N

0.05 I with the method described in the preceding section.
0.00 :/. ] ,pro.to?ls. " ft\.ll: E. The scaling procedure
0.5 5 10

1 The corrections for different shells are similar in shape
T(MeV) (Fig. 9 in Ref.[62], Fig. 1 in Ref.[21]). It thus appears
plausible[63] to use a scaling procedure to obtain shell cor-
+Cyy, Eq.(20), is shown by the solid line as a function of proton rections for shells for which no calculations with Ecﬂﬂ;Y)_
energyT. Functions calculated with the local plasma approximationanq (18) have been made. For a shei| the procedure is
LPA [36,60, Sec. llID, are also given. The dashed liGg was defined by
calculated with the Lenz-Jensen potential of the atom wjith
=1.336[44], the dash-dotted line was calculated withk 2.06, the
value used in Sec. II C. The dotted lif®y; was calculated with a
Hartree-Fock-Slater potentigb9]. The bulge ofCy and Cy at  yith n :[ﬁ/(azeff)]zz1877%2/Z§ff (Zos¢ is the effec-
~5 MeV is caused by th&-shell contribution, it does not appear tive atgmic central chargil4]), W, is the ionization poten-
for LPA functions calculated with a Thomas-Fermi or Lenz-\]ensen[ial for shell  [21], andC,, is kngwn from calculations for
potential. The function given by McGuif&4] is shown by the solid a shell Ad'ustablie ararlﬁetem andH . are introduced in
line M. w- A0 ole p v v .
order to fit experiments. As an example, the hydrogenic func-
tion [14] (dotted line in Fig. 1 scaled withH, =1.2 andV,
_HJFX 21 =1.17 is shown in Fig. 1 by the dashed line. In previous
_’82 B (D) studies the hydrogenic shell correctiofist,50 were used
for this approach, antl values and the parametdrfsandV
were determined by calculating least-squares fits to the ex-
perimental data}3,20,21,42,48,64 In Ref.[5], the Walske
Ck and C, were used, andCy, was scaled fronC with
D. Lindhard-Bonderup shell corrections Hy=12, V\,=3/8 for Al, V\,=4/8 for Si. An extensive sys-

Major contributions to the theory of stopping power haveteématic study with this method was made by J468i. The
been made by the Danish groufis36,45,56. The study by —Parameter sets thus derived were then u_sed to extend cak_:u-
Bonderup[36] using the local plasma approximati¢hPA)  lations beyond the range of energies given in the experi-
is described briefly. It is a refinement of the calculationsments, and to interpolate for substances for which no experi-
made for the electron gas by Lindhard and Winthés]. ~ Mental data are available, e.g., R€85,5. We can expect
Bonderup calculated the stopping numheusing the radial that good fits to exper_lmental data can be obtalnec_i with a
electron density and the corresponding local plasma frefew parameters, bu_t different sets of parameters W|_II result
quency obtained with the Lenz-Jensen potential, and derivefiom different experimental data s¢&i1]. Only calculations
the shell correctiorCg . The parametey used in Eq(6) is without free parameters will provide a test of the correctness
also used here. This function with=1.336 was used by of the theory qu andC. The present approach described in
Shiomi-Tsudaet al. [44] to derive anl value for A3 The  Sec. Il C provides such a test.
functionCg(y=1.336) is shown in Fig. 2 by the dashed line.
For comparisonCg calculated withy=2.04 used in Eq(6)
is shown by the dash-dotted line.

It has been suggest¢@s] that the use of, e.g., Hartree-  Energy-loss spectra have been measured for particle
Fock models of the atom to calculate the electron densitpeams in many casd47,24,66—6% A convenient way of
characterizing¢(x,T,T;) is to consider the momen{g§Q]
defined by

FIG. 2. The total shell correction for ACt=Cy+Cys+Cyp

C,=V,C,(W,,H,7n,), (22

Co

and discussed by Farj@,3] is shown in Fig. 1.

IV. MEASUREMENT OF STOPPING POWER

3In principle, as Bonderup has emphasiZ&d], the | value and
the shell corrections cannot be determined independet:
=vK;, whereK;=7.583 eV is the Bloch constant for the Lenz- _ _ v
Jensen model of the atom. Thus for Al, with tiye= 1.336 used in M, (T=T)"$(x.T.T)dT, (X, T.T1)dT,.
Ref.[44], | should be about 132 eV. (23
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0.30 [ ————— . 0.30
0.25 | 0.25
0.20 [ 0.20
N ’ N
> 0.15 . 0.15
: )
0.10 [ 0.10
0.05 = 0.05
! pro’i.ons in Al protons in Si I:
o.oo 1 1 1 1 1 1 1 . . . Ly -
0.3 05 0.7 1 2 0.00 5 10
T(MeV) T(MeV)

FIG. 3. Comparison of experimental shell corrections for pro- ¢ 5. similar to Fig. 3 for experimental data for Si. The solid
tons with energies below 2 MeV in Al to the theoretical functop  |ie representC;, Eq. (20). For T<2 MeV, deviations ofp=
of Fig. 2 (solid line). A deviation ofp=*+3% ofL is shown by the 30, f L, for T>2 MeV, p=+0.5%, are shown by the vertical

vertical bars associated witiy, see Sec. VA. The functio®; a5 associated witlc;. Dotted line, Santry and WerndBe],
derived with Eq.(27) from the “reference stopping cross sections” +4%; dashed line, Khodyrest al.[89], +4.5%; dash-dotted line,

of Paulet al. [79] (quoted uncertainty o&=0.7%) is given by = tschala and Bichsel[24], o~ +0.3%; +, Carneraet al. [90], 8
the dashed line. The dash-dotted line gives the data by Luowhaja points, =2%; <, Melvin and Tombrelld91], 4 points,+5%; (1,

[84], o=+ 1.5%. Other experimental data are shown by the follow- ;o tens and Baudi92], 6 points, 3% X, Izmailow et al. [93],
ing symbols.X, Semradet al. [85], =2%; O, Santry and Werner 23 points, = 4.5%: 0, Sakamotf94], +0.35%.
[86], +4%; +, Bednyakovet al.[87], =2%. ' Y '

describes the width of(x,T,T;). For very thin absorbers,
¢(x,T,T,) is strongly skewedl16,17); for thick absorbers it
begins to approaclibut never reachg¢sa Gaussian shape
ng M,— Mi (24) [19,?1], for which the full width at half maximumv,, would
be given byw,=2.355s.

By defining the location of the maximum value of

The quantityM, is the mean energy log)=(T—T,) of
the particles, while

025 é(x,T,T;) asT,, we call A,=T—T, the most probable
0.20 0.25 T T T
g ]
0.20 .
o 0.15 ]
Q ]
0.10 o 015 iy
[protons in Al .\_ ] : ]
0.05 vl L L N | 0;10 __
0.5 1 5 10
[ protons in Al
T(MeV) 0.05 N |

- . - 0.5 1 5 10
FIG. 4. Similar to Fig. 3 forT up to 11 MeV. The solid line

represent€ of Fig. 2. A deviation ofp= =0.5% ofL is shown by T(MeV)

the vertical bars associated with;. The dashed line represents

Ref. [79]. The dotted line represents averaged experimental data FIG. 6. Experimental shell corrections as a function of proton
from Andersenret al. [30] (quoted uncertainty ofr=+0.5% for a  energyT derived from several stopping power tables for protons in
single datum The bulge inC; at 5 MeV (Fig. 2) is seen in this  Al. The solid line represents the current theory. A deviatiorpof
function. The dash-dotted line gives results éf&8wsen and Ander- = *+1% ofL is shown by the vertical bars associated vith. The
sen[88], o=*0.3%. Note that the Andersen-Ziegler tab[§d] reference function from Paselt al.[79] is given by the dotted line.
relied heavily on this reference, while RE24] was not considered. The ICRU function 5] is shown by the dash-dotted line, and that of
O, Shiomi-Tsudzet al.[44], o= +0.35%; X, Tschalaand Bichsel  Janni[65] by the dashed line. The Andersen-Ziegler funcfion] is
[24], 0~ *+0.3%. given by the dash-double-dotted line.
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FIG. 7. Comparison of theoretical and experimental stopping

numbersL for « particles in Al. The functionL(8) of Eq. (3),
calculated with theC of Eq. (20) is given by the solid line. The
vertical bars correspond to an uncertaipty =4% of L. An aver-
aged experimental function, , Eq. (28), calculated with the tabu-
lated values in ICRU5] is given by the dotted line. The data by
Anderseret al.[30] are not shown, they agree within 0.5% with the
theoretical function. These data were used to dekiyeSec. 1l C.
Some experimental data are given by the following symbels.
Comfort et al. [95], +10%; ¢, Nakata[96], +4.5%; [, Santry
and Wernef97], =4%; *, Desmarais and Duggd88], +3%; X,
Réasanenet al. [99], +3%. The systematic deviation between the
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(26)

otherwise, a suitable function must be chosenS6r) and
measured values of are compared tx(T,,T,) [24]. The
same approach is used for total ranges, definedrE¥)
=Xx(Ty,T,), whereT,~0 [48,66,67,76 Note that the lower
limit T, of the integral may not be well defined. In some
measurements it will be given by the sensitivity of the range
detector, e.g., Ref$42,48. In principle, for a proton beam,
the H atom formed at the end of the range could diffuse
through the absorber for an indefinite path length.

The absorber thicknessis expressed either as a length
(cm, mm,um, nm or as a surface densikp (g/cn?) where
p is the density of the absorber. Frequently the energy loss
(eV) per 10° atoms/cm is given, with a factor g
=602.2A (A is the atomic weight of the absorber in fpr

conversion to MeV crilg [77].

V. COMPARISON OF THEORY AND EXPERIMENT

The values ofS change by a factor of 10 for 0.3
<T(MeV)<10. Thus a graphical representation of 8(&)
data does not show much detail, e.g., R¢&77]. “Ex-
tracted” functions can be usd@®] to show differences be-
tween data sets more clearly. Here, “experimental shell cor-
rections” are derived from the experimental data $iThey
are defined next.

theory and the experiment below about 3 MeV could be explained

by a reduced effective charge of theparticle.

energy losg17]. In some measuremeritsy has been used to
characterizap(x,T,T1), and the quantity\ ,/x was defined
as the stopping power. This is an approximation{ A9/x.
The calculation ofA ; is more complex17] than that of A ),

Eq. (1), and there is no simple correlation between the two.

Many issues here must be considered to get accurate r
sults for S [24,44,73. Among them are surface layers of
heterogeneous materidks.g., ALO; for Al), the escape of
rays|[73], the energy spectrum of the incident particles, in-
creased energy loss due to multiple scattefi6gt3], and
losses due to “nuclear collisiong’,5]. The nonlinearity of
the system used to measuremust be knowr17,30,74,7%

All particles, except those that made nuclear reactions, mu
be included ing(x,T,T;) for the calculation oM, .

When a particle beam of initial enerdly, traverses an
absorber, the change 8{T) with decreasing energy must be
taken into accounf19,26. This is done with the “range
equation.” After a thicknesg, the residual mean energ@y,
in the continuous-slowing-down approximation, is defined

by

To 1
—dT.

X(TO 1Tr) = T S(T)

(29

If (A)=Ty—T, is small compared td, the stopping power
for the energy To+T,)/2 is

A. Calculation of experimental shell corrections and errors

An experimental shell correctio€, can be calculated
from a given experimental stopping powsi(B) by rewrit-
ing Eq. (3) as

CuBIZ=1(B)=In1+zL1(B) +La(2)— Ly, (27)

fhere
L= B?S,(B)A/(0.307 0&3Z) (28
is the experimental value df,, derived from Eq.(1). The

quantityC, is similar to the quantitX=f(B) — L, defined in
NAS—NRC Publication 11333], but at that timel was not

well known, the Barkas correction had not yet been dis-

cerned and., was disregardedsee Figs. 1 and 2 in Ref.
[20)).

Clearly, C, will depend on the assumptions abayt, L,
the | value, and the corrections discussed in Sec. IID, but
any changes in these functions will have the same effect for
all experimental data se&(8). In other words, differences
in C,(B) for data from different sources will not be due to
these assumptions, but will be representative of the experi-
mental uncertainties.

Instead of showing in the figures the uncertaintiegiven
by the authors for their experiments, error bars are associated
to the theoretical function€+. They are given by a fraction
p of L(B) in Eq.(3). The authors’ estimates of are given in
the figure captions.
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TABLE Il. Stopping powerS and rangeR calculated with the present theory for protons with enefgy
(MeV). The functionS(Al) differs from Ref.[5] by 0.5% at 0.3 MeV,—0.2% at 1 MeV and-0.17% at 3
MeV. For Si, the differences are 2.3% at 0.3 MeWD.4% at 1 MeV, and-0.15% at 3 MeV. This is mainly
due to differences in thé values. ForR, an initial range at 0.3 MeV from Ref5] is used. The effect of
nuclear collisions is not included, it can be found in H&f. Multiple scattering corrections will depend on
the method of measurement. Columns 2 and 4 are in Me¥/gneolumn 5 in keV4m, columns 3 and 6 are
in mg/cn?, and column 7 is inum.

T S(Al) R(AI) S(Si) S.(Si) R(Si) R.(Si)
0.3 318.11 0.800 323.59 75.365 0.74 3.18
0.4 281.10 1.118 284.29 66.212 1.05 4.52
0.5 252.10 1.482 255.28 59.455 1.41 6.06
0.6 229.43 1.888 231.75 53.976 181 7.78
0.7 210.86 2.335 213.15 49.643 2.25 9.67
0.8 195.46 2.821 197.69 46.042 2.73 11.73
0.9 182.37 3.344 184.58 42.988 3.25 13.95
1.0 171.09 3.904 173.27 40.355 3.80 16.32
1.2 152.69 5.131 154.84 36.062 5.01 2151
1.4 138.36 6.497 140.43 32.705 6.36 27.29
1.6 126.84 7.997 128.78 29.992 7.83 33.62
1.8 117.30 9.626 119.18 27.757 9.43 40.51
2.0 109.24 11.383 111.06 25.866 11.16 47.92
2.5 93.67 16.316 95.34 22.205 16.00 68.71
3.0 82.39 21.995 83.93 19.547 21.57 92.61
3.5 73.79 28.393 75.21 17.518 27.84 119.53
4.0 66.99 35.488 68.33 15.914 34.78 149.36
4.5 61.47 43.261 62.72 14.609 42.39 182.02
5.0 56.89 51.699 58.06 13.523 50.65 217.47
6.0 49.68 70.512 50.74 11.817 69.04 296.46
7.0 44.26 91.834 45.22 10.533 89.89 385.96
8.0 40.01 115.501 40.90 9.526 113.11 485.65
9.0 36.58 141.722 37.41 8.713 138.64 595.27
10.0 33.75 170.176 34.53 8.042 166.43 714.60
11.0 31.37 200.908 32.10 7.476 196.44 843.46
12.0 29.33 233.878 30.04 6.996 228.63 981.67
13.0 27.56 269.048 28.24 6.577 262.96 1129.08
14.0 26.02 306.386 26.66 6.210 299.40 1285.55
15.0 24.66 345.861 25.27 5.885 337.92 1450.94
16.0 23.45 387.446 24.03 5.597 378.50 1625.16
18.0 21.38 476.847 21.92 5.105 465.71 1999.60
20.0 19.68 574.401 20.19 4.701 560.85 2408.10
22.0 18.26 679.942 18.73 4.363 663.75 2849.94
24.0 17.05 793.317 17.50 4.075 774.27 3324.49
26.0 16.01 914.385 16.43 3.827 892.28 3831.17
28.0 15.10 1043.022 15.50 3.610 1017.64 4369.44
30.0 14.31 1179.106 14.68 3.420 1150.24 4938.79

B. Comparison of calculated and experimental shell corrections  C, agree with the theoretical function derived here within
for protons experimental uncertainties given by the authors. “Refer-
The derivation of parameters for theories®has a long €nce cross sections” based on a statistical analysiallof
history [12,3], as have compilations of experimental data@vailable data were given by Paed al. [79]. The function
[3,6,5,9,78,77,65,20,79,21,80]82Therefore, there is no C,(T) derived from this function is given by the dashed line
need to compare the present theory wath experimental in Figs. 3 and 4C,(T) agrees withCt to within 1 for T
data: the scatter of the data will be similar to that seen in the>=0.6 MeV, but differs by as much as 3at 0.4 MeV.
compilations. Shell correctiors, derived from experiments Other experimental data mostly agree with to within 1o.
for protons in Al are shown in Figs. 3 and 4. In general, theMost of the data available for Si are shown in Fig. 5. The
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TABLE llI. Stopping powerS and rangeR calculated with the present theory farparticles with energy
T (MeV). The functionS(Al) differs from Ref.[5] by 13% at 1 MeV, 1.7% at 3 MeV, and 0.1% at 5 MeV,
see Fig. 7. For Si, the differences are 9.6% at 1 MeV, 0.7% at 3 MeV;-a&hd% at 5 MeV. FoR, an initial
range aff=4 MeV from Ref.[5] is used. The effect of nuclear collisions is not included, it can be found in
Ref.[5]. Multiple scattering corrections will depend on the method of measurement. Columns 2 and 4 are in
MeV cm?/g, column 5 in keVAm, columns 3 and 6 are in mg/épcolumn 7 inum.

T S(Al) R(Al) S(Si) S,.(Si) R(Si) R,(Si)

1.0 1347.23 1330.41 309.852

1.2 1282.70 1270.90 295.992

1.4 1215.36 1205.11 280.670

1.6 1151.94 1141.39 265.830

1.8 1086.85 1085.55 252.823

2.0 1035.18 1036.02 241.289

2.2 987.03 984.23 229.227

2.4 942.70 942.04 219.402

2.6 902.27 903.28 210.374

2.8 865.40 867.68 202.083

3.0 831.68 834.92 194.454

3.5 758.59 763.55 177.832

4.0 698.08 4.283 704.14 163.995 4.14 17.78

4.5 647.42 5.020 654.17 152.357 4.87 20.91

5.0 604.05 5.813 611.63 142.450 5.65 24.27

55 567.82 6.659 574.97 133.909 6.49 27.86

6.0 536.13 7.559 542.67 126.388 7.38 31.67

6.5 508.15 8.510 514.86 119.911 8.31 35.70

7.0 483.26 9.512 490.03 114.128 9.30 39.94

8.0 440.86 11.667 447.61 104.248 11.42 49.05

9.0 406.05 14.019 412.67 96.111 13.73 58.97
10.0 376.92 16.563 383.38 89.288 16.23 69.70
11.0 352.17 19.296 358.42 83.476 18.92 81.22
12.0 330.83 22.214 336.88 78.459 21.78 93.50
13.0 312.22 25.313 318.07 74.078 24.82 106.55
14.0 295.84 28.592 301.49 70.218 28.03 120.34
15.0 281.30 32.046 286.78 66.790 31.41 134.87
16.0 268.29 35.674 273.60 63.721 34.96 150.12
18.0 245.95 43.443 250.95 58.445 42.57 182.77
20.0 227.44 51.881 232.15 54.067 50.82 218.22
22.0 211.81 60.976 216.26 50.367 59.72 256.41
24.0 198.41 70.715 202.65 47.196 69.24 297.30
26.0 186.79 81.086 190.85 44.448 79.38 340.84
28.0 176.61 92.080 180.49 42.036 90.13 386.98
30.0 167.62 103.687 171.32 39.901 101.47 435.68

only conclusion drawn from the figure is that there is nopowers. Most of the experimental values agreed within

disagreement witlC . +1% with calculatedS, but no complete evaluation was
The diversity of the various algorithms used for the pro-made except folf ~40 MeV [17].

duction of tables can be seen in Fig. 6 for Al. The functions

C, were calculated with Eq27) from the data tables given

in the references. The variations seen are due in part to the . ) .

use of different sets of experimental data for the parameter EXperimentalS for « particles atT=1 MeV differ by

searches, and in part due to different assumptions about tiout 10% for Al, 3% for Si fromS calculated with Egs.

algorithms. The values o, for T>1 MeV agree to 1% of (1)—(3). Instead of comparing shell corrections, the functions

L or better withCy. The change in algorithms used below 1 L of Egs.(3) and(28) are compared in Fig. 7. The solid line

MeV produces the irregularities seen in the figure. For Si, theshows the present theory and the dashed line the function of

functions are similar. Measurements made with Si detectorRef. [5]. In addition, all experimental data forT

to determine straggling functioi83] also provided stopping >2.5 MeV and a few values below 2.5 MeV are shown. The

C. Experimental data for « particles
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increasing difference betwedn, and L with decreasingT ~ extract experimental values for the electron capture and loss
could be caused by an error due to the extrapolatioh,of effect, but from the Nara data in Fig. 4, the effect would
Eq. (6), to lower energies, a reduction of the effective chargeaPpear to be quite small even at 0.3 MeV if the extrapolation
of the a particle or effects not yet discerned. An uncertaintyOf L1 is appropriate. Fow particles, the systematic deviation

of L, at 1 MeV of about+4% would encompass most ex- between the experimental data and the current theory seen in
perimental data. Note that the data in RgH0] have been Fig. 7 must be explored further.

used in the derivation df ; [31] and therefore these data | dare suggest that at this time theoretical calculations
will agree with current theory as well as the proton data inbased on the GOS discussed here will be more accurate for
Fig. 4. small to intermediateZ than most of the existing measure-
ments for proton energies below about 4 MeV. Thelues
VI. CONCLUSIONS could be obtained from measurements at higher energies,
e.g., Refs[19,26|.
An extension of the calculations with Eq4.7) and (18) If it is assumed that is correct, the accuracy of the func-

to T>10 MeV orE>2500 Ry is unwieldy. Since the shell tions is about+3% at 0.3 MeV/u, 0.5% at 1 MeV/u, and
corrections amount to 2% &t=10 MeV, an extension to (.39% above 10 MeV/u. For=2, charge state corrections
largerT with the scaled hydrogenic approximation will intro- may be needef31].

duce negligible errors into calculations &fFig. 1. This has
been done for the calculation of Tables Il and llI.

The theory forC presented here contains no free param-
eters and agrees with the experimental data within experi-
mental uncertainties. FGr<0.8 MeV, the uncertainty ih ; | am grateful to the people in the references with most of
due to the extrapolation permits no conclusion about the vawhom | discussed various aspects of this study over the last
lidity of C. 50 years. Special thanks are due to Dr. M. Inokuti for his

In order to further test the present theory, much moresuggestions about improving the manuscript, and Professor
accurate experiments would be needed. A similar situatiofd. Paul in Linz for providing me with his lists of experimen-
has been found for straggling in §17]. From the experi- tal data. Support by the Greenwalt family foundation is
mental data seen in Fig. 3 for protons, it appears hopeless @reatly appreciated.
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