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Bryan, Steven K. P.,A. June 2, 1951 Physics

Bethe-Lloch Stopping Yower Parameters Extracted From Recent Accurate
Measureumenuts

Directcr: Leonard E. Porter »2¢%

Bethe-Dloch theory allows the calculation of stopping power fLor a
given projectile-taryget mwaterial cowbinatiown, provided the values of the
varicus parawmeters of the thecry arve kunown. Several of the mnesded
parawcters cannot be easily ceterained through analytic czlculations,
An alternstive wethod for tihe determination of tihese parvaumeters is a fit
of theory to accurate, experimentally derived stopping power data.

Conputer codeinitiated Ly bichicel was moaified to silov optiuization
of parsmeters in the Lethe-~Bloch formula, 96r1m01tal deta by Aunderscn
ct al, provided the standard for the deLerL inaticn of tiie needea
paramutchc. Tne ween excitation energy, ¥, and tne z3-e1foct parancter,
b, were determiucd for three kinds of projectiles (protorns, alpna
particles, and lithiun nuclei) on each of rour farwet metevriais (&1, Cu,
Ag, and Au). 7Two sets of shell correction purawetors were also exeaninsd
and cocrnpared in the present stucy.

Cne of the tvwo seics of shell correction paraveters resulted i1n values
of T that wevre essentially independent of projectile tyve, aud values of
b thiat were essentially indepencent of both projectile type aud target
material.

ii
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LiFTRooucyIon

The abilivy to predict avcuraicly tue ancunt ¢f cmelgy depos

2 tharged particle 1un  its  pessage  theough metter 15 2 geal

Ainiene WONLd prove usciuvl In uany arels o Punysics.

P

ac

There arve sevweral Faccors thae erffoct the rote £t whkicn  a

czSe, this vate depencs upon the type of vrojeciile, 115 Kineiic

v

aud various propertics of tae absorvial asaiun,

d peviiclie sutfers ep2ry, 1oss 0 an absevbing mediun, In

Tt 1s covvenizat  te  separace the subject at  houd  into

Pave 1

MGV LY,
A LiAVEn

ener.y,

[

turee

projestile  eneryy  reglons, each of wiilch fan be trested by a separvate

T S anci e bhende goaucs 20 fhe oo ioep e po G GEFY L
thecry., Ctill avccher theody cosoees 28 the projectile nmesd 1s very uudn

iese thaw  ithat or & preofton, £.0., Lhdt of aw electrouw. The folloving’

I tue Incident particle bhas  a zilnsilc eneryy less

PO

T TP e R e e L. e e R
LD DN llaate Ly .5 leV/aiw ix 1s called 2 low SROTZY projeicile,

Lov enaryLy rogpion che incident particle intevacts prlidarily with

’J

stens of  the teesgel matevial. A couslicatilng foctor taat is lwworiant

i Lbls eaergy rauge Ls  the copture acd  loss of  electroas

projectlla durlny 163 passage through the murevial. Tuls process

tae projeciile fully ronized aloay only a portion of its path.
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Particles that are significantly relativistic 1ie in the Ligh
energy region. This region begins.approsimately where the projuciile
has a kinetic energy equal to its rest mass enerygy ond spans all gresicr
energles. The projectile iun this case 1is steppuc prlmarily oy
coliisione with the nuclei of the target atoms. liowever intevactions ol
the prejectile with the atomic electrens are also 1mportant, as are

radiative losses (bremsstrablung).

This thesis deals with the stopping oi massive projectiles heving
kinetic encrpies intermediate to the high ond low eaeryy regions., Tols

energy vauge 1s celled the weclum-encryy vaoge.

.The dominant wechanisu for the ioss of wkinetic eucrgy by a massive

medium-enercy charged particle in tiaversing ratter is iuteraciions with
. . . - a—y o - - * -

the electrous in the abscrbiug waterial. Dethe-Bloch theory (1) allowus

calculation of the stoppiny pewer, S (to be defined later), ot a

material prcevided that the values of tae paroweters of il theory care

knowm .

The path that a uwassive wedlum~eneryy projectile will follow  in
traversin: the tar_ct naterial will deviate littie frwm a straight lins
if the absorber is suificiently thin so tnat the projecrile does  nol
lese o large fraccion of 1ts initael energy in traversing the wetoriol.
This Sesture prevalls becavse The suall  wouwentun {ransiers associatow

with ceolliszons of the projectile with ctowmilce clectrons deflect the

prujectiles” paths in random directicns. The net effect of wary su=zh

%
Huwabers wn parenthceses  refer to  numbered references in e
bibliography.
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collisicns does not, in geueral, result in & levge dellection

projectile in apy one direction.

Tne partial ionization of the prcjectile, Important in

Pege 3

of the

the low

eneryy region, can also be ilmportent in the medium energy region if the

tal charge of the projectile is suificientiy grveat. This efiect can

be appreciable even for projeciiles with wvelztively swell charges, but

in these cuses only over tue lover portion of the nmcdium—crergy region.

The muliiplzcity of paraneters brovpht about by the wany exteusions

v

(2,3,4) to the orgiual Beche-lloch fheory weikes thelr determination

difficult 2zt Dect. Since thecretical asterwination ig wot feasitle, the

a2lternatave e 2 1L of thesry to pccuerate  woperivental vesults.,
Urnfovrunitely, theve nas deen ¢ dzaryth  ¢F  enporimonntad  adta acourste
enovgit to zllov censistest doterminatlon of tle neceotsary paramaters.

- The weasurcuents uwtiilecd terz zre those ovtalned by Andersen et

' al., (5). By ewnloying celoviselric tecnnigues the Andersen yroup was
able o cleim an accercey of U.5% in stopping pover, placing these dota
amony  Lhe wost  accureie ewallable. These usosurceuents weve done for

lace of  projectiles  {protovs, algha particles, and

nuclesy on each of fong targel wsterials: Al, {u, Ay, and Au.

¢ datu vas gone with rhe ai1d of a2

b
=
(o)
[0
p
[
-
4
w
ot e
i
~
-
[an}
P
-
"
w

lithiun

comjpuber

pregrom base on & code developed by Bachsel {5), Shepard zud Portor

(7). This FORILAY  prograw was  further modified to  allcw  the

deteraincbion o4 & wmaxivwe of f

srauliancous detevminotion Gf these porowolere vas found ta be
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in some cases due to their interdependence.
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CHAPTEL TI

THEORY

The stopping power, S, of a material is defined by

ki 5

S = -1 4T .

0 dx

.

Page o

Here p is the density of the target watericl in afeud, and dB/d¥ is  the

average rate of encryy less of the projectile per unit peth lengtu.

Typical uvinits for stopping power are MeV—cmZ/g. Since

a massive

projectile 1loses only a small fraction .of its total kinetic cnergy

during cach intevaction with an ctowlc electron, the stopping

pouer can

be considercd to be a2 contiaucus function of projeciile path length 1in

T

tile absorber. An interactlon of the projectile with an  atomic nuclieus

=

couvld procduce o lavge energy lose, sub these intevactious are

to be couplztely negligible in the wedlum~-energy range.

The iirsc theoretical treztwent of stopping pover was dobe by lizls

Boht (8). Bour used an lupact parawmeter to characterize the

-
!

enecgy fyom the incident particle to the electrons of

e

Letersal. Ihis theory proved unsatislaciory Dbzcauce it

transler of
the taovpet

nad liuited

eccuracy, and only applied over a limdted range of projectile cnergiceo.

Avotiner mujor ewvjection to the Dohr theory 1s  that

the  lupace

parameter 15 not awn observable gquoutity. Also, Bour’s theory requived

that uvpper and lover limits ve lapcaed on tie lepact pacdweter i ovdzy

that the winimum gud wmaxinuw  enceryy transier to  an  electrowr  be

constrainca.
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Bohr“s stopping pover theory was later replaced by that

eand  Bloch who used a first crder quantum wechanical

characterized by momeutuu transfer. A treatwent oi the derivation

It
£
o2

e

Bethe

approach

of

the Bethe-Bloch fonaula can be fourd in Feno (1). The origiral form of

the Berhe-tloch fovuula has been wmodificed in recent years to

include

terws te correct L{ov recentliy discovered effects to be discussed later,

The currernt form of the Bethe-Dloch forwula 1s givea by

g = f_l‘__'ﬂ'el*ﬁﬁz?‘i@_. .
B4,

nic
wiere the quantity

4meiie = .30708
ic

for 8§ given in “cV‘szlé. The symbols in the stopping pewer
represent the followiug quantitices:

e =electronic charge

No=Avogadro”s nunber

mcl=rest nuss of electron

B =v/c=velocity of prejectile/velocity of iight

z =charyge on projeciile in units of e

Z =atowlc nuwber of target waterizi

A =atcuic welght of target materizl

=stopping nuliber per tacpet clociron

t—(

that coutailu <ll of the undeterwined parawcters of the theory and &

bears closer examingtjon.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

fhie stopping nuwber per target clectron consists of three

foriula

4- BN
[V S 2 T8

5

O



: Page 7

The first term, L., aud the Jast teia, L2, cowe from the original

Bethe~Bloch theoreticzl trectment. The ceantral term was added 2s 2
correction to the stopping number after experiucatal evideace (9) showed

tuat slowv negative hyperones lese emexy af a slover rete than do

LIy

positive particles of the seme velocity. Tils phenowenon is celled  tihe
"Barkas effect'" (4) and the corveccion for this eifect was obtained in .3
theoreticel treatieut Ly Asnley, Kitchic, aud Brandt (2,3). The foru of

Ll is
ZL SnF (b /2] /)
Ly

vhere F(D/Kl/z)is a function derived snd tabulatec in Refs. 2,3, and b

is a Irveve pervanlweray  of  rhe  theory, henceiorth referred te as the

3

projectile~z’ paransles, Thoe sywbol X vepwesents £90.28/HZ  where E  is

the projectile eunery,y in eV anu il 18 {he projectile mass 1n e,
. - : . N e . g i 3 . -1 z PR z
The factor l? in the expiession for L is the Bloch projoctile-o®

cervection term, and 1s considered teo be part of the basic theory

slthough 1t veas reiutroduced only vecently. Vith the addition of this

P

Bioch terw the ©Dethe formula will reduce, in the limit of high
projecciie velocities, Lo tiie resulr cbtained 1in  the semi~classical
trectuent of Lear. The form of the Dloch 34 tern is

. Ly(y)=K1)-Re(K1+iy))
vicre yv=zo/B with g belng the fine structure coustznt. The function
is the lugarithmic cerivative of the gawwa function. Toy the purposce cof
calewlataioucl ezse this term 1s  apprezimated vo  within 0.4% by  tie
functiow (19)

100 =y211,20206-y2(1.062-0.2549y 200, 3854y 43|
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Pepe U

it was this form that was used for the caleulations 1in  the prezeont

etudy.

LO comes frowm the original treaticut by DBethe and is given by

Ly~f (B)=in{D)-30;/2m6/2,

vhere

e 2.9, .
f(C)=tu(lnc* Z/al~5 1Y-B4

Thece ¢y

subcls represent the follewing g
I =ucan cgcitation eneryy
1ph o velocity deusity eiiect ceirection

. . . . .th
=gnzil correction {for toe 1 shell,

refers to the Lesheil

I
e}
o~
=
o
-
“
r-l
!0
[

where 151 vreifers to the ¥-shicll ole

vy

electrons, ztc, The higk covrgy densicy eifect correccion applics only

Y

1n the case of hiph energy incidenc povticles and 1ls negligible 1n  tae

present study.

Charze state correcilons cre zncluvded an fome cases te covvrach lor
the paxtial lonization of the projectiic. Toese corrections bhave the
form

z = z{l-eup(~iQ /321/2))
where ¢ 2s the fince structure constant, ond bk 31s che adjustable

parameter for the correction.

The wmean excitstion eneryy is tue principal scjustavie parzmeter of
Bethe-Blocn theory, and must be detevmiued throuph !ivs vo enjeriuental
data. It represents a logarithmic woov over all of the jpossible

excitaltion  energies, Ei’ of the tovjet atom abeve the pround stote,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Page 9

welghted according to oscillator strengths (1), fi’ of bound electrons
and is defined by

In(1)=3 £51n(g;) .
The oscillator strengths are not easily obtailned for most materials so 1

1s deternined from a fit of theory to experiwental data.

The other principal adjustable parameters of the original theor§
are those round in the Ci’ the shell corrections. These correctiocns are
used to correct for the null {or partial) participation of 1inner shell
electrors 1in stopping the projectile, Experimental evidence has shown
this correction to the theory to be more inportant than vas originally
thougnt. Vithout thesze shell corrections Pethe-Bloch theory rests on
the assuiption that the speed of the inciden! particle 1is wuch higher
thao that of atowic electroms in their Lound ctates. Turousl: use of the
Beur atomié model for zn order-of-wmegnituce calculation, this can  be
‘shown tec be an errcneous assumption. .Eor cxawple, the velocity of a
K~shell electron in Cu (2=29) is, according to the Bohr wodel,

v =ze2/t o= ulic -
where ¢ represents the velocity of light. If the projectile 1s a 10 eV
proton, tnen its velocity 1s gilveun by
E=w?/2 v =0.,02% . .
¢
Thus the velocity of a K-shell eclectron i1s¢ approxinately on  ordzr  of
nagnituce larger than that of the 1incident proten, The shell

corrections becowe wore important at low and high projectile cnergies.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Page 10

Humerical values of these shell corrections have been calculatced
theoretically for K- and L-shell electrons by Vzlske (11,12). 4in
approxination to the shell correction factors for the M- and li-shells
have been constructed through the use of "horizental" and "vertical”
scaling factors appiied to the Valske L-sheil correction. The sheli
corrections are given by

2 Ci=D & 2 )+350y, (BzgchL (582 )
i +V Cp, (B

Here CKjand CL are the K- and L-shell correctiocn factors calculated by

Walske. The two multiplicative strength tecuws By and Bp are set to 1.0

for the present stuay. In the case of Al the li-shell correctioa was

applied to the L-shell electroms, in which case iy and Vy were

re-labeled Iy, and ¥,, respectively,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER I11

METIOD

The quality of fit of Bethe-Bloch theory to the experimental data
is represcuted by the rcot wean square relative deviation, o, defined by
2
)

= Z(Sexp(Ei)_Sth(Ei))z/(As F_(Ei)m

ex
where Sexp(Ei) represents the experluentiatly deterwmlned Sstopplng poOwer
for the ifh enérg » Eqs and S (Ej) is tche correspoﬁding theoretical
stopping, pover, liere, N represents the number cof data rpoiuts for 5
particular projectile—-target cowbination,and Aséxp(gi) is the statec
uncertainty in the cxperimental dzta. A4 mininum value of ¢ corrcsponds

to a combilnaticn of Fethe~Bloch paraumcters that provide the bret ovevall

fit of the theory to the dzta.

()

The couwputer program used 1n these f£its of theory to wabta wes
autowsted 1n oxder to provide a mesns of obtaininy z winimum in © by
trying various cdifferent combiuations of nuucricael values for the free
parcueters oif the theory. These vaiues corrvespond 0 points 1in &
"rectangular" grid having & dimensiounulity equal to the nuwber of frec
parametcers. Upon determination of the point in this grid that provided
the suallest ¢, a new finer grid can be ceonstructece arcound this peiat
and the process repeated until the desired accuracy 1s obtained.
Several versions of this program were developed in order to acconmodate

one, two, three, or iour {ree parameters.

Another feature of the cowputer program allows determination of the
accuracy to which the free parawmeters are deterwined, i.e., the degrec

to whict the values of the parameters are affected by the errors

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



. Page 12

inherent in che experimental data, In order to accomplish this
determination of accuracy, Gaussian random perturbations of the
experimental data eare introduced. Tnese perturbations have z standard
deviation equal to the stated azccuracy of the experimental data.  The
freevrparameters wvere then again detexrwined using the same procedure
applied to the originql data. This process was then repeated & minimum
of ten times <for each set of data to allow & sample of free parancter
values large enough to obtaln a meaningful standard deviation for each
paraueter. The  standard deviations thus obtained represent

wncertainties in the determination of the free parameters arising frou

random uncertainties in the experimental data.

It was initially hoped that the cowmputer program could be further
extended 1n corder to determine all of the experimentally derived
parameters.simultaneously for a given set of experimental data. Eveu il
the large eswmount of computer time iuvolveg were not the liwmiting factor,
another counsideration would currently limit the usefulness of such an
approacl:. This consideration stewms from the accuracy of avaliable
experimental data. Duriug the course of the determination of values forx
the free paraneters of the theory, the necessity for extremely accurate
wmeasurements Bec:me obvious. Since some of the adjustable paraneters

.
represent small corrections to the total stopping power, the cited
random experiumental errors in the data allowed a large number of
different combinations of the parameters to yield cowparable fits in

sCuie €ases.
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Page 13

The fact that comparable fits can be obtained for several difierent
combinations of values of the frec parunmeters 1n many cases does not
altozether preveﬁt their determination. The assuwed dependence or
independence of each - of the free parameters on target material,
projectile cueryy , and projectile type can aid in the determination of
the correci combination of parameter values. Another tool is the
comparisorn of determined values to corresponding values obtaiuea 1in
other studies., This approach can provide vserful constraints on some
parauieters or can at least provide a starting peint for a multiparameter
sezrch. A third toocl 1s the use of suggested values for soime of the
paraucters based upon the enmpirically discovered systematics ox

theoretical czlculations of other researchers,

The valuve of the mean excitation energy, I, snould be 1independent
of projectile energy and type, l.e., a constant for a given tarzet
material, The limited accuracy of avaliable data and/or the inaccurate
determination of other perameters of the theory have yielded many
different values of I for a.given target material through cother studies.
One might expect the actual value of I for a material to lie somewhere
in the range of determined values previously obtained. Constraiuts thus

imposed may be useful in the determinatior of other parameters of the

theory.

If the theoretical treatwment (2,3) of the z3-effect provides cu
accurate predictive wodel, tnen scveral conclusions can be drawn about

the numerical value of the z3-effect paraweter, b. In the foruwalisw of

Ashiey, Ritchie, and Brendt it is indicated that b should be essentizlly
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Page 14

constant for all target natcrials. A previous study (13) has failed to
show this tc¢ be the case, possibly due to the limited accuracy of the

data used,

The form of b is given in (3} as

- 1/6
b =NY Z /

where X is a&n adjustable parcweier oi the theory and
2 . ll;.' . q
n =N, {1:6.02: 7139

for Z greater than 12 as is tue case in the present study. n, is a

: . ,1/6
constant of order unity. The product N /

bas suclh a weak dependzunce on
Z that b 1s essentially independent of Z. For the targets used in the

present study the values of b are:

)

Lo

£=1.94 X for A1 (Z=1
b=1.97 X for Cu {2=29)
b=2.02 X  for Ay (Z=47)

b=2.14 X for Au (2=79)

The vaiuve of b slivuld vary no more than U.17 X over the range of target
matecials examined. This corresponds for a typical value oi b=l.4 for o
single target element with a varlation i b ol no wmove thap xU.12 due to
the target elewents tested. This verietlon 1s swall) cnouyh that it

roba Cu nct be ¢ observable eirect ccause  0f the lindtec
probably could not b ar b vable eirect be ti ] g

accuracy of the data and other lactors previously noted.

The data  herein  eunalyzed are userul in thet they provide 2
selection of projectiles as well as a sclection of target matericis,

This feature allows the investigation of pessible =z deperdence of

c
.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Paje 15

Initially it was suggested that this investigation be exteaded te

include higher z projectiles im an effort better to exawmine this

devcadence, but time constrainte pronibited the furthevr scudy.
P s ¥

The scaling paremeters HM, VM’ HN’ Vg Yy, YV used for the

shell

corrections have & complicated dependence on the projectile velocit
v ] J

through a dependence on fi’ the oscillator strenyths. These oscillatox

strengths 2liso depend wupon the target wmaterial, thus indicating a

siwmilar dependence for the shell correcticus.

"Initially a feur-parameter fit was attempted for both Al

ana Cu

involving ”M and VM’ (or, in the case of Al, H_ 2nd V_.) b and I. 1In

L L

neither case was a clear minuwi in o observed., Indeec 1t was

observed

that 1if the values of T and b were left uncoustreined in this search,

comparable fits for z large number of cowmbinations of H_ and V

M M

could be

obtained. It was concluded that the limited accurazy of the data «id

not support a search of these four parameters simultuneously.

The stell correction parameters were then filxed at values

T

chitailned

in previous studies and a scarch of I and b for a minluum i1n o was

instituicd. These shell correccion parameters will herein be called the

Bichisel=lailer parawmeters. Alternate values for these shell corrveciion

paraneters vascd upoa a suggestion by Bichsel (10) were also

tried.

This alternete set of shell cerrection paremeters will be herein

referred to as the Bichsel psrameters.
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CHAPTER 1V

RESULYS

The first analysis uses the Bichsel =liiler shell corrections,
This set of parameters were held fixed for each projectile—tavget
combination while & two—diueusioual search was done for a best {fit to
the experimental data, with I and b used as the free parameters of thc
searchh. The bBichsel-Niiler shell corrections are given in tabuvlar form
below.

BICESEL-WITLER PALMILTEKLS

TARGET Mg VL ly Vi liy ¥y
Al 1.4 0.7 - — -
e 1.0 1.0 5.0 . 1.0 - -
b 1.0 1.6 3.0 0.4 2.5 1.0
Au 1.0 1.0 2.3 1.6 9.8 2.7

In tke case of Li projeciiles, & charge state correccicn , wWith
k=0.95 , was used in the theoretical celculations. Tnis value for i is
given in ref. (14) as a reccmwended value for all targets ocxamined

nere.

The resulis of this analysis are given 1in table 1. In mosl caseg a
gocod fit was obtained =2s 1s indicated by the small values of 6. Tuc
exceptions to this generalization are the cases of protons and ealpoa

particies on Ag, and protons ou Au.
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-

A major implication of these results 1s an apparent strong
dependence of b on projectile z, which can be seen graphically 1in fig.

1.*¥ Uith the possible cxception of alpha particles on Ay, b caun be seen

to bec & clearly decreasing function of z.

Avother fecature is the inconstanéy of I for differing projectiles
on a giveu target., This dependence of I or prcjectile z is showi iu
fig. 2 for each target element. The projcctile depcendence of I appears
to have a dependence ou Z also, as can be seen by comparing the plots

for different targets in fig. 2.

*potted lines in the figures are intended to guide the eye only.
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TADLE 1

ALUHIUUL
PROJECTILE 1. AL b A o
Proton 170.2 0.8  2.26 0.21 0.27
Alpha 166.3 1.1 1.10 0.06 0.1l
Li 163.6 1.5  0.77  0.04 .36
PROJLCTILE I AT b Ab o
Proton 329.6 2.5 3.29 1.02 .22
Alpha 325.8 3.9  1.49 0.17  0.41
Li 339.2 7.4 1.06 0.07 0.1¢
PROJECTILE I AT b, _Ab o
Proton 525.7 1.2 5.22  0.21 3.14
Alpha 488.2 €.7  5.52  0.47 1.60
Li 525.6 1.5  1.37  0.02  0.94
, GOLD
PROJECTILE 1 AL _b_ Ab. o
Proton 839.2 L.6 4.10 0.05 3.44
Alpha £09.0 1C.0 2.20 0.25 0.73
Li £845.8 11.5 1.3%  0.05 0.49

I-b SEARCH USILG DICLSEL-NITLER SLLLL COLRRECTIONS
(I is expressed in vnits ot oV,)
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The values for b obtained in the foregoing anzlysis varied from a

maziwun  of 5.52+0.47 to a mninimum of 0.77+0.04. This variation 1is

o

unacceptable if one subscribes to the supposition that b should be

constaut for all target Z and all projectile z.

The sccond analysis of the experimcental data 1s similar to the
previous analysis 1in all respects except that whenever b exceeded the
limit ©=2.0 or went Lelou L=1.0, it was {ixed &t the limit violated and
a one-peranieter sezrch was continued with I as the remaining free
paraweter. Thus values for I were obtained for the czse of b confined
to 2 closed 1interval. Although this approach might secn someviat
artificial, it was done 1in order to ascertain whether mwore consistent
values for I mignt be obtained if b were ccustrained to be closer to ¢
singie vaiue.

The results of this analysis are sﬂown in table 2. The values of I
thus obtained still exhibit a dependcnéé on projectile z and tarjet Z
similar to that 1n the previous analysis, as can be secn by comparing
the plots for differing target elements in fig. 3. There is a distinct

dependence of I ou 2z similar to the previcusly observed I-z dependence.
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TABLE 2

PROJECTILE I AL b _Ab o
Froton 171.4 0.4 2.00 0.00 0.40
Alpha 166.3 1.1 1.10  0.06 G.11
Li : 155.9 0.9 1.00  0.00 1.38
COPPEL
PROJLCTILE I AL b_ D o
Troton 336.3 1.0  2.00 0.00 0.81
Alplia 325.3 3.9 1.49  0.17  0.41
ii 339.2 7.4 1.06 0.07 0,18
Salver
PROJICTILE I AT b A 5 o
Froton 542.3 0.6 2.00  0.00  4.07
Alpta 510.7 1.5  2.00 0.00 2.07
Li 525.6 1.5 1.37  0.02 0.9 B
GOLD
PROJLCIILE e L. AL _b AL a
Proton 869.1 1.7 2.00 0.C0 4.13
Alpha ' §17.1 1.4 2.00  0.00 0.76
Li 845.8 11.5 1.35  0.05  0.49

CONSTRATLRED 1i-b SEARCH USINLG BICLSEL-LIILLR SHELL CORRECTICSS
(1 is expressed in units of eV.)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Papge 22



Page 23
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The came MNiiler-Bichsel shell corrgctions and charge state
corrections were also applied in auother study (13) that analyzed the
same experimentz]l data. In this other unalysis b was fixed at b=1.8 and
a wmultiplicetive strength term, &, was applied to the B —effect
corréction tern, Ll' The search for a best fit was done with £ and I as
the free parameters_fcr the cases wiih § unconstrafned, and then for .§
constrainec to the closed interval [1,2]. This procedure of using £ as
a free parancter and fixing b=1.8 follous a suggestion by Linchard (4),
wherein he suggested thst £ be a comstant with & value somewhat less
than two. The results of the seorcn with I and £ 2s the unconstrained
free pavameters are shown in table 3. Good fits to the data vwecre
obtained 1in all cases with the exception of Ag as a target material,

where reasouckble fits were achieved.

There 1s a cefinite dependence of £ on projectile =z exhibited 1im
this case trnat can be clearly seen in fi1g. 4. This trend i1s discucced

further in ref. 15.

The dependence of 1 on z can be seen in fig. 5. A cowparison oI
this plot to fiy. 2 illustrutes that the cuoice of b=1.8 zud Lhe use of
the g factor have a noticeable effect on tne projeciile dependence of I.

]
Additionul results for £ coustrained to the closed interval [1,2],

aud g fixed &t =1.45 are showu in tables 4 and 5, respectivedly.
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T.’\B].AEI;*_

ALUNHILULI

1 At £ AE o
169.2 0.9  0.55 0.08 0.22
176.5 1.4  1.67 0.05 0.23
180.3 2.4  2.58 0.08  0.06

I Az & bE . _o
327.2 2.2 0.l14 0.20 0.19
330.0 5.5  1.30 0.12  0.42
385.1 5.6 2.50 0.10 0.06

I Al € Ag o
462.8 1.7  =2.20 0.08 1.15
572.8 4.9  1.95 0.06 1.18
475.0 5.1  0.30 0.0 1.53

- GOLD

1 AL AE E g
712.4 2.2 =3.02 0.06 0.82
793.5 7.0 0.62  0.07  0.69
§96.4 3.6 1.90 0.00 0.88

I- £ SEARCH USING BICHSEL-WIILER SHLELL COLRECTIONS
(I 1s expresscd 1u uaits of ¢V.)
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TABLE &
BROJECTILE | I AI £ AL O
Protcn 171.4 0.7 1.60- 0.00 0.65
Alpha 170.5 1.4 1.67 0.05 0.23
Li 165.2 0.5 2.00 0.00 1.37

COPPER
PROJECTILE I AL £ M. o
Proton 341.1 0.7 1.00 0.00 1.11
Alpha 330.0 5.5  1.30 0.12 0.42
Li 352.1 1.5 2.00 0.00 0.76
PROJECTILE | I Al & AE o
Proton 555.1 0.8 1.00 0.00 4.52
Alpha 572.8 4.9 1.95 0.06 1.18
Li 479.5 1.1 1.00  0.00 2.5

GOLD
PROJECTILE 1 Al £ AE o
Protou 879.9 1.7 1.00  0.00  4.55
Alpha 826.4 2.2 1.00 0.00 0.87
Li ' 898.4 3.6 1.90 0.00 0.88

CONSTRAINED 4-E SEALCL USING LICHSEL-NIILER SHELL CORKECTIONS
(I is expressed in units of eV.)
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TABLE 5

ALULTIUN

PROSECTILE I AT g LE o
Prctorn 176.4 0.5 1.45  0.00 1.23
Alpha 166.7 0.6 1.45 0.00 0.62
Li 151.6 G.o 1.45 0.00 2.80
COFPER
PROJLCTILE 1 AT £ M. o
Proton 346.7 1.0 1.45 0.00 1.60
Alpha 335.3 1.4 .45  0.00  1.38
11 219.0 1.8 1.45  0.00 1.65
PROJCCTILE, 1 AL & BE v
Proton 569.6 1.4 1.45  06.00  5.15
Alpha 546.9 1.2 1.45 0,00 3.33
Li 521.7 1.5 1.45 0.00 1.51
GOLD
PROJECTILL I Aj 3 AL o
Proton 501.0 2.0 1.45 0.00  4.99
Alphe 371.6 1.9 1.45 0.00 1.29
Li 832.8 2.6 1.45 0.00 .23

COUSTIRATED 1~& SFARCH USING BICUSEL-NIILEK SUELL CORRECTIONS
(I 1s expresgsed in units of eV,)
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Yet another analysis of thne same data was done using the Bichsel
shell corrections below. Unfortunately, no Bichsel shell correction
paraweters compatible with the utilized computer code wvere avaliable for
Au at the time this research was done.

BICHSEL PARAMETERS

TARGEY B Vp My N Iy ¥y
Al 1.0 1.0 12.0  0.375 ~-= -
Cu 1.0 1.0  6.17  2.25 - -
Ag 1.0 1.0 4.0 2.25  18.5  2.25

Azain, & charge state correction of k=0.95 is applied in the case of Li

projectiles.

The application of these Bichsel parsmeters differs slightly fron
the application of the Bichsel-liiler paraweters in that aoc z3
correction is applied to the shell corrections above within the computer

program,

A search for a miniwum in O was again 1instituted with the shell
corrections held censtant throughout and I and b used as iree
parameters. The wultiplicative strength factor £ 1is fixed at 1.0 for

this portion of the analysis.

The results of this research are given 1in table 6. ffith the
exception of Li on Al, the values of b all lie in the range 1.24+.02 to
1.40+.01. For tle case of Li on Al, a three-parameter secrch was done
in additicen to the two-parameter search. The charge stzte parameter x
was vscd for a free parameter in addition to I and b for this search, in

an effort Lo give a possible explanation for the incousistent result
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menticned above, The results c¢f this secarch are included 1in table G.
An  zppreciably improved fit 1s obtained for a valuce of k=l.Z4 in the
case of Li ou Al. It has been found that there is a dependence of the
charge state parameter om target Z, and the value of k for Al derived 1n

this scarch 1s consistent with the f[indings of Porter (16).
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PROJECTILE
Proton
Alpha

Li

PROJECTILE
Proton
Alpha

Li

PROJECTILE
Proton
Alpha

L1

TALDLE 6
ALULITHUL
1 AT b Ab &
166.5 1.0 1.37 0.06 0.20
165.2 0.9 1.36 0.03 0.25
162.7 2.2 0.93 0.04 0.41
161.2 ~— 1.37 ———— 0.29
1 AT b Ab o
329.0 1.4 1.30 0.04 0;23_
329.0 2.7 1.40 0.01 0.42
329.0 5.9 1.26 0.05 0.76
I Al b Ab o]
483.2 2.2 1.24 0.02 ¢.389
480,0 1.7 1.40 0.01 1.07
467 .1 10.4 1.35 0.04 1.51

(k=1.24)

I-b SEARCH USING BICUSEL SHELL CORRECTIOLS

(I is expressed in uniis of eV.)
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CHAPTER V

CONCLUSIOIIS

Analyces similar to the present one that have been recently done
can . provide a basis for cowparison. In c¢ne such paper (13),
experimental data by Werd et al., (17) and lakatz (18) were analyzed

using the Dichsel-liiler shell corrections. Al, Ag, and Au were auong

the eleméntal targets, but the only projectile type was alpha particles.

In the study by Porter and Bryan (13), a search with b and I as the
free parameters was done, However, b was constrained te lie in the
interval [0.8,2.0] throughout the study. The lack of a uinimun in o
vith b thus constrained led the researchers to try another approach, but
the velues ¢of b and 1 firom the abanuones line of investigation can be

conpered o results cbtained in the present study.

A wminimun in ¢ was achieved for Al (}13)., The I and b values io
this case were found to be 1I=177eV aund b=1.0, These values can be
compered to b=1.1+.00 and I=(166.3+1.1)eV (see table ZJ from the present
study. Tue values for b compare quite favorably in this ccse but the
values for I differ by 6%. Even this magnitude of error in I may not
preclude consistency betwen the two studies since the error In ihe

a
experimental data anzlyzed in (13) is less than 47, This large an

experimental error may translute into larpe uncertainties 1in the

determinatiou cf the paramcters.
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Analysis of Ay by Porter and Bryan (13)‘yie1ded no wininum in ¢ for
the search. The values of I and b obtained at the limit of b=2.0 can be
compared with the results shown 1in table 2. A value for 1 of
(510.7+#1.5)eV from the present stucy compares vith a value of I=546eV
(13).. The value for I (13} is 7% above the valuc derived inm this study,
hut in light of the previous observation above concerning the
uncertai§ties in the determination of paraneters 1an ref.l3, and
considering & corument (19) to the effect that the data analyzed by
Porter and Bryan (13) has lower stoppiny power values than other studies
would indicate, this result 1is not disturbing. This tendency toward
lowver S would yield I values that are higher than expected (since 1n(I)
is a negative terwm im L). This bbservation, coupled with the error in
the determinztion of the paramefers due to experinental error in ref.
13, prevent the conclusicn that the present study is incousistent with
the findings of Porter and Bryan (13) in this value for I. ‘The findings
of the two studies are cousistent in that ref. 13 indicates that a
minimum in o shiould be expected for Ag vhen b 1s somewhat greater than
2.0, The unconstrained I-b search 1in the prese;t study found the
corresponding miﬁimum to lie at b=(5.52+.47eV) (sec table 1).

The b-vaiue obtained for Au by Porter and Bryan (13) 1is_5=1.3.
This a&ppears to‘ be inconsistent with b=2,20+.25 found here (see table
1). The value I=87leV also does not coupare  favorably  with

1=(809+10.0eV) from table 1.
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In an additional study (20) a E-I search was done with the saue
data used in ref. 13. This search suggested a pest fit E-values of £>2
for Al, E<l for Ag and £<1 for Au. These findings are consistent with

the present study with the exception of £=1.95+.06 obtained nere for Ag.

Still another source is avaliable for cowparison. The extensive
compllation of stopping power and range tables by Andersen and Ziegle?
(21) give I values of I=162eV for Al, I=322eV for Cu, I=466eV for Ag,
and 1I=755eV for Au, with protons as the projectiles. Bichsel-Niiler
shell corrections yield I values that differ from these values by 5% for
Al, 2% for Cu, 13% for Ag, and 117 for Au (see table 1). Bichsel
parameters give values for T that differ from the Andersen and Ziegler
values by 3% for Al, 2% for Cu , and 6% for Az (see table 6). Since all
of the I values here are larger than the corresponding I valucs in ref,
18, it would seem to indicate systemztic errors in the case of the data

used here (5) or in the data used in the calculation of I from ref. 18,

It 1s unfortunate that additional comparisons to other studies are

—

. , . . 4
not possible, due to the recent inclusion of the z term.

The greet success of the Bichsel shell corrections 1in eunabling &

fit to the e#perimental data that 1s ncarly indepcndent of both Zranc ¢
.

1s a strong argument for the wuse of these corrections over the

previously wused Bichsel-liiler shell corrections for the calculation of

stopping power. lore work needs to be done in this area te establisa

whether or not better fits to other data are achieved with the uew shell

corrcctions.
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