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ABSTRACT

Cross seetions for K vacancy prodoction by 4.88 GeV protons on )
elements between Ni and U have been measured. These cross sections lie
a factor of two above the Binary Encounter'Approximation predictions and
above the Plane Wave Bormn Approximation prediction; also. To eXpléin
these deviations, we argue that é distant collision term must be added

~ to the BEA expression. Our experimental results agree well with the  .

augmented theory.

. ‘ Work done under the auspices of the U. S. Energy Research and Development
Administration. :
+Members also.participating in these experiments were S. Nagamiya,'
J.0. Rasmussen, H. Bowman, J. Ioannou-Yannou, E. Rauscher. TOSABE
stands for Tokyo, Osaka, Berkeley collaboratlon
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I. INTRODUCTION

In reoent years much effort has been devoted!to:measuring cross sections
for K.racancy nroduction by energetic protons and alpha particles in medium
heavy and heavy elements;1 Most of this work has been done at energies |
between a hundred keV and‘30 MeV per nucleon. Three theorles ex1st that
predlct the Cross sectlons the Binary‘Encoqnter Approx1mat10n (BEA),2 3
_the Plane Wave Born Approx1mat10n (PWBA), and the Semiclassical Approx-

1mat10n (SCA).‘ To f1rst_order, these theories prediet‘that'thevK‘
Vaoanoy_oross sections should.fit on a wniversal curve and should be
a fnnction only of the K sheil binding energy U, the atomic number'of
.the prOJectlle Zl’ and the rat1o of the pro;ectlle velocity to the Veloc1ty
of the electron in the K shell v /V Nearly all of the data taken flts -
the unlversal curve to w1th1n approx1mate1y a factor of two. |
K Vacancy productlon by very relativistic protons has not yet been
examrned. ‘_Non-relatrv1st1ca11y, the cross sectlons depend on just the
3ratio vl/yk and henCe one can aCtually'examine the high energy part
of the Universal'cnrves-by measuring K vacancy prodUction'cross’sections
by moderately energetic-protons on very light elements. Thus far, though,
these non-relativistic measurements have not exceeded vl/vK ~ Zflﬁ With d
4,88 GeV'protons, 1t is p0551b1e to obtain v /v ~ 5 (on Ni)_whioh is
‘clearly much larger than any prev1ous measurement In addition to‘the
large % /V however there is the p0551b111ty that add1t10na1 relat1v1st1c :
effects on the cross sections may be 1nvest1gated Previously the highest
energy work has been done with 160 MeV protons6 where no dramatic |

dev1at10n from the non- relativistic PWBA theory was found The croSs sections .

s1mp1y decreased roughly as the 1nverse square of vl/yK as predicted by the PWBA



and BEA theories. The authors of that work compared their results with
relativistically calculated cross sections fbr.K'vacanCy broductibn'by |
incideﬂt electrons suggesting that at proton energies slightly higher
than 160 MeV, rélafiviétic"effectsrmay cause the cross section to rise
again. o | - |
We oiiéihé11y ﬁhdertook'fhis work in order to test-wﬁether such a
rise in the ér6$s section may be observed at 4;88 GeV. In Section II
- of this'péper We'préséht duf experimehtél work and finél CcTosSs sections
which are highéi‘ ‘than the BEA and PWBA theory predictions. To explaiiﬁ
these deviétions we show. that a distaﬁtvéollision term must be added to
the BEA cross section. In the BEA theory, electrons‘are ejected from
“the Kisheli.when they undergo Rutherford Scatterihg by the projectile
in collisions where the impact parameter is generally less than the
target K-shell radius ag. However, contributions can come from collisioﬁé'
vwith impact parameters greater than ay where enefgy.is transferred from
- the projectile to the bound.électron'through the virtual radiation field
" of the moving projectile. - We compare the BEA+ distant collision cross

section with our results and others in Section IV.

e 7 E)G’ERIMENT
The experimental-cdnfiguration is Schématitally illustrated in Fig. 1.
Protons of 4.88 GeV from fﬁé_fgi;gﬁgénﬁg}keley'Laboratory'ﬁévafton-pésséd
:through a 0.0254 mm Ag monitor'foii, a 0.00608 to 0.0508 mm tafget foil, a
scintillation paddle, ion chamber, and a TV monitor paddle with negligible |
eﬁergy-loss. A horizontally placed Si(Li) detector viewed the target at right
angles to the beém, and a Ge(Li) planar detector facingbupward, likewise

viewed the target at right éﬁgles to the beam. The target was tilted vertically




by 45° and'wes rotated'by 45’ so that its normal was 60° to the beam and

" its plane face was 45° from both the Si(Li) and Ge(Li) detectors. Both
detectersvalso viewed the Ag monitor foil which Was-placed iO cm upstream '
from the target. To make deadt1me corrections, pulses from each detector
f1red a fast discriminator which supplled one pulse every hundred pulses
to trlgger a pulser on the opp051te-detector.. The number of pulses trig-
gered (p ) was’ recorded and later the number- of pulses counted (p ) was

»found The deadtlme correctlon (p /p 1) Varled between 0.4% and 50%.

To monltor the beam 1nten51ty, we relied on an 1on chamber coupled
to an electrometer and integrator to integrate the relat;ve intensity of
the beam from run to run. 'The absolute intensity of the»beem was found
by irradiating a 0.95 cm thick grephite térget dnd theh we'off—lihe,counted
the ‘annihilation radiation from the B decay of tig fonned in the
| 12C(p,pn) 110 reaction. Since the !!C reaction has a known (1nterp01ated)
cross section for 4.88 GeV protons, 28 + 0.6mb 758 the ‘absolute number of pro-
' tons' passing through the.carbon target end ion chamber could be found.. Seven
calibration runs were taken. The measured numbet -of perticles perhioﬁ chamber
reading varied by less than 2%.

To obtain CTross sections insensitive to the uncertainty inathe'

detector deadtime, we measufed all of the X—ray yields relative to the
yield of'Ag,Ka x—fays observed in the monitor‘foil_which,together with
the deteCtors,remained‘in a fixed position ﬁhrougﬁout the ehtire exberi-

ment. For some 40 runs we averaged the quantity:

CAgka) _Pin B
I.C. P. v G

where C(AgKa)'is_the counts observed in the monitor fdil, I.C. is the ion

chamber reading, and pin/pC is the pulser measured deadtime cerrection.
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The yield for an x-ray of energy E, was found by:

C(EX) (XA |

Y o= C(AgKa) F(EXTP photons/proton ()

' where P is fhe number of protons per ionvchamber reading, F(Ex)'is the
detecfof éfficiency, C(Ex) is the counts observed in the X-ray peék of
energy Ex, ahd.A is the correction for air and Be attenuator absorption.
To obtain cross sections, this yieid.was_divided by the target atom
densityvéndvéffective thickness [1 -exp (-pt)l/u Qhere t is the thicknes§
of the tilted targét and Q(Ex) is thevéttéhuation coefficient_of the tar-

9

get fluorescent x-rays in the target material.” The cross sections for

the Ko and KB peaks (where separable) were then added, and the neutral

- atom fluorescent yieldlO

was used to convert the x-ray cross sections to
vacancy cross sections.
| The uncertaintiés in these procedufes were as follows:
-(15 "~ Protons per ion chamber readihg (counting statistics,
'1¢ cross section, g counter efficiency, graphite
target thickness):.i_4% _
(2) Detector efficiency: + 8% Si(Li), * 14% Ge(Li)
(3)' Average number of deédtime qorféctéd’Ag_Ka counts
per ion chamber reading (¢x)): ¥ 133 Ge(Li), 7%
- Si(Li) '
(4)> Targét angle, thicknesé, absorption coefficient: * 2%
(5)  Counting statistics including Variation_from fuﬁ to
run: * 2 - 10% | |
In addition, one other correction for target thickness needs to be

made. Plots of the cross sections as a function of target thickness
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(fig. 2) show that there is a definite trend for the observed cross sec-
tions to increase with target thickness. This is due mainly to two

secondary processes:6 (1) protons making energetic'secondary electrons in
the target which excite K vacancies, ana (2) protoﬁS'maLing‘éecondary elec-
trons which emit bremsstrahlung rddlatlon in collisions with other tar-

get nuclei which photoelectrically excites K vacancies.
TFor thin targets the former process increases the cross section linearly with
target thickness, the later process increases it quadratically.

"To adjust.our measured cross sections to zero target thickness we have
used theoretical, fhoﬁgh’apprOXimate,‘expressions for processes (1) and (2)
and have.semi—empirically fit these expressions to the data obtained when
many different target thicknesses were used. The uncertainty in this cor--
“rection is at least as large as the correction itself which in no case was
The final cross sectibns are listed in Table I together'

more than'lz%.

with the correction for finite target thickness and the total uncertainty.

ITI. THEORY .

Relativistic Stationary Electron Approximation (RSEA)

For the extremely.highienergies used in our experiment, the existing
Binary Encounter Approximation (BEA), 2,3 Plane Wéve Born Approximation
(PWBA),4-and Semi-Classical Apprbximation (SCA)5 theories do not handle

' relativiétic effects correctly, though’they generally do take properyaccoﬁnt
of the initial motion of the struck electron, Coulomb deflection of the

projectile, and other non-relativistic effects. We shall introduce the

RSEA theory which will handle the relativistic terms Correctly, but not

the 1n1tlal motion of the K electron.



We consider the K electron to be stationary with respect to the moving
projectile, which is equivalent to considering vy 2>y where Vi is the projec-

K
if the projectile scatters the K electron transfefring ehergy in excess of

tile velocity and v, is the K eléctron_velocity. Vacancies can be created
the X binding énergy. At relativistic energies the usual Rutherford scattering
formula shopld'be replaced by the McKinley-Feshbach formula11 which, written

differential in the energy transfer g, is:

| e - S
d0'='21re4 Zl ) € ey €v é_i
T e anlE) 5]} o

where a~= 1/137, 8 = v/c, em is the maximum energy transfer 2mc?g8%y? to order

m
_€

M
familiar Rutherford scattering cross section while the first and second terms -

Y8, and M is the'projectile'mass. The first term in this exprésSion is the

make up the well known Mott resultflz- Mott's formula has been expanded in
powers of Z1a by McKinley and Feshbach13 andjtheﬂthird term in this. expression
is correct to third order in Zla.} The vacancy productionvcross section per

atom is:

. do o : :
ox =2 g @)
where Ug is the K binding energy and the factor of 2 is included beéause_

there are two K electrons per atom. The resulting cross section is

2.4 2 ' ' '
_ 4nzle . UK UKB { &n ﬂaZlBUK €n 5 | €
K T =5 1-z=- g < \4g, )~ ¢ \g
mc” 82 Uy m "m - \k m =\ \'K v K

(5)

o




Figure 3 ploté the second and third terms_in.this expression in units ofu
the 1eading term ’4ﬂ22 “/mCZBZU | for various proton energies. The Zyo
term increases in importance with larger values of UK and Table II gives:

"the contribution for nearly the largest value of- UK considered in thlb work
The corrections to the leading term, qh1ch is essentially the Rutherford
term; are very_smallbfor protons.: ‘Thevreason for this may be seen by
exanﬁning Eq (3). - The cross section falls off as ¢ 2; therefore, the impor-

.,tant part of the Cross sectlon is for the smallest energy transfer UK The

relativistic terms enter as the ratio e/e or UK/em 'Wh1Ch is small compared

o unity, e. g, 0.05, 0. 0055, 0.0091 for Ug = 50 kev'and E) = 0.4, 2 and

.6 GeV/amu respectively Hence the relat1v1st1c terms clearly give insig-

nificant contributions to the non-relativistic Rutherford cross

,Sectioni. This leads us to believe that we can to good approx1mat10n
estimate K vacancy production in collisions 1nvolv1ng relativistic protons p
by the non- relat1V1st1c expre551on where the projectile energy is replaced
‘by E = imc 82 | |

Let us use this prescription to modify the BEA theoryz. The_BEA theory
“accounts for the Rutherford scattering of an electron of velocity VZ hyv
a projectile with velocity Vi giving an energy transfer €. A formula like
(2) is used except that an additional average over the directlon of v1 and
$2~ and the initial electron speed v, is done. The probability for an
pelectron traveling with velocity v2 is |¢(v2)|2, where w(vz) is the Fourier

transform of the K shell configuration wave funct1on We can compare the

RSEA theory. The BEA cross section can be written as:s_
2 4
| Zﬂzle : | :
U ' i

K



where v'/v will be replaced by [% mCZBZ/UK]2 . Analytical expressions for
G are available, and since Vi/VK > 1, we may approximate G by neglecting
terms of order.vK/v1 obtaining

- ] . - 2 .
. 4mZ e
1

g o = ——————(1+067 sm(27+v/vK)) - (7).
-mc BZU - ,

v

Except for the 1ogar1thm1c term thls is the same as was obtalned in the RSEA

theory when terms of order UK/(m are neglected The 1ogar1thm1c term in

the BEA theory comes from 1nc1ud1ng the initial motlon of ‘the struck electron.

The above arguments are meant to show that Rutherford scatterlng
adequately descrlbes the X electron pro;ectlle interaction and thus the
‘BEA theory should work if we use the prescrlptlon of replac1ng E by Lsmc 82
We have-examlned Gerjuoy's original forlmulatlon14 of ‘the BEA formulas to

see if replacing E, by 1mc?8? and continuing to treat the initial electron

motion non-relativistically is incorrect. In his work momenta and'velocities'

were used'and:El'appearS'in'the'final'results by putting E, = M v2  This
i . : s : 1

energy was multiplied by ‘the reducéd mass divided by M “which} both relativ-

L

istically and non—relativistiCally, is-approximately the_reét electron mass

when the electron velocity is'small. It seems to us to be correct to replacev

E1 by Lmc?g? in Gerjuoy's BEA expression.

K Vacancy Productlon in Dlstant Colllslons

In the theory of stopping powers11 15 “and K vacancy productlon by in-

cident electrons,16 the cross sections are often d1v1ded into a close col-
‘lision part and a distant collision part. The dividing line between the

two is often at an impact parameter b around the electron shell radius, in
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‘: 6ur'case'aK} For colliéions with b < aK; energy is transferred from the_"
| prbjectilé to the K élecpfon'by.Rutherfdrdll (heavy parficle + electron)

or M611er16(electfon-electron) scattering as described above. In the dis-
tant collisiéns, energy is transferfed via the radiation field of the
moving projectile. . | |
We célculate the part‘due tO'diétaht collisions»by using'the'method~

'suggested by Williams.'

There are, of course,'qthér.méthods which are
B eSSentially equivalent and haVe been used in the sfépping.péwer formulas,
but~WiiIiams' method is most simple and.has already enjoyed ébﬁsiderablev
SuccéSs pfédicting K vacanéy.cross sections with reiapivistic e_lectrons.‘16
" The field of a'projectile passing by an electron with an inbact,para-
méter b has a'spectrum of virtual Qﬁénta given by the Sduare of the Foufier

transform of the time dependent electric field:

abar”” = zowy | Ewb?

(8)

i

where

B(w,b) - /: At ) Mt

and the time integral is over a trajéctory with a given projectile velocity
and electron—projectiie impact parameter. To obtain the total spectrum, we

integrate over impact parameter:

[ A G | |
min ‘ i . - (9)

¢

dN (w)
nE

L s [ X KoGOK, (x)-lz__s?f(Kj(x)-Kj(x))]-

N
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min
YV ,
functions. For x<<1, the spectrum can be approximated by:

where x = sy Y= (1-8¥)"% | and Kn(x) are the usual modified Bessecl

2

. "gZ e? ' : - -
N 2 A [ 1,123y vy _e2 A]' ' -
<F5 " : o (IEY V) ez . Qo)
w v ™ - Cthz . wX min, ) o . = B .

So far we have not specified bmin; 'A.nonj;ero choice'bf bmin must be made
in order to obtéinba.honadivergent spectrﬁm. The chdice uéually made_iﬁ |
these problems is to use the radius of electron shell from which excitation’
occurs which in this Case is thé Kvshéll radius ap- The'afgument for this
choice is'that for impact paraméters 1éss than ay the expansion of the'inter-
action into muitipoles fails énd'thé dipole approximatioﬁ can no 1ongef'Be
trusted. Othef arguméntslhave been given.11 Unfortunately, the final re-
sulté ﬁiil-not be insensitive to thefchoice,of bmin’

Photons of energy -hwx >‘UK can photoélectrically exéite K*eleqtrons

giving a net cross section
we N ' \
o(b > a) =4 : OPE(QX_) az‘g(‘ dwx. : (11)

where wo 1is the cutoff frequency, 1.123 yBc/aK; and’oPE_vié the photo-

electric cross section per atom approximated by

G = 84 (UK )4 exp(-4n cot™'n) b' ' , '
" PE CEAD) h ‘ By e N arns '
“ @ e a2

1, o | _ | _
with n = [h“&/UK - 1]. . Following K.olbensvedt,16 (11) is integrated

(with approximations) and we find -
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- 14172 2 | -
.o >a) = —2L ;zn (ﬁﬁl%_§9§> - Bzz barns o (13)

K
where‘UK'is in ker'b
As long as we are careful about not double counting, the total K vacancy

&

cross section can be written as
o = o <a)+olbd>a) ' (14)

where o(b < 3)'can be either the BEA, RSEA, or PWBA cross section. In de-
riving o(b > a) we do not count impact parameters less than ay. In the

RSEA - theory, the largest impact parameter is wﬁen g(b) = UK or

Brax = MRS | . (15)
mc?g? K '

Neglecting unity with respect to em/UK “we obtain the maximum impact para-

meter in the RSEA (ahd also BEA) theory:

202,y

o

a (16)

bmaX' B o K

Equation (14) is thus invalid for protons if B < 0.01 or y > 68. Neither

of these cases are of serious interest in the work.

~ IV. DISCUSSION

Figure 3 shows the ratio of our'crqss sections to'(a) the RSEA results,

(b) the BEA theory results,1 (c) the BEA + distant c01lision.fesu1ts, and
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(d) the PWBA resuits.18 The RSEA ratio (a) is higher than the BEA ratio
(B) and this is because the BEA eross sections_are iargervthan the RSEA
CToss sections'by the contribntion from the logarithmic term in eq;(S)'which
comes from including the initial mofion of the struck eleetron. The RSEA,
BEA, ‘and PWBA cfoss.Sections 511 lie a facter of 1.4 te’S.'finws lower than
our experimental results, and we would be hard pressed to eXplain.these
large factors without adding the additional distant collision term. Adding
this term clearly bfings the theory in line witnvour_eXperimental results.
The dietant collision tefm is not a purely relativistic phenomenon,
but should contribute whenever the velocity is-large. When Bzv< <1 |
o(b > a) can be written in such a way as to display the universal scaling -

dependence that is familiar in the BEA theory.

| U UAr  f2.38E)
o(b > a) - = 3.6 x 10°%° B s\ —g— cm?® keV?  (17)
2 | UK -

where A is the ratio ef the projectile mass to the eleCtron_mase and E,
is the projectile'kinetic>energy.,hThis curve is shOwn in Fig. 5 together
with the BEA.;urve1 and the‘sum of the BEA +,di$tént Collision Cross .
sections. in this figure we also show some 2-30 MeV p + Ca, Ti and Nilg
and some 3-80 MeVJa + Fezovdeta.. For reduced. velocities around unity; fhe
,distan; collision:termeinereases the cross section by about 30% and it is.
debatable whether it improves agreement between theory and experiment. For
EI/AUK < 0.4 eq. (17) implies thatvthe distant collision cross section is
ZEeTo Since the ergument of the logarithm is less than unity. This is

an artifact of the small argument approximations to the Bessel functions

in eq. (9) and the cross section is expected to be non-zero for small

velocities when more accurate calculations are done.
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At neaf felétiﬁistic energies, it;is not possible to plot data on a single-
parameter, universél curve iike that shown in fig. 5; At extreme relétiv-
istic energies thever,'if is possible using the RSEA‘expression_(S) for
thé tlosé collision-cross section and (13) for the distant coilision'cross
section to thain an approximate'single parameter expression. The total

Cross section is:

| 2 2 ' | - | :
- 5102 12 2 o
_ 520 ‘lv + H’_z___l_ [ g'n (_(BY)—._6_O_8> _82] barns - | (18)
B B°Ux - U e -
whére the higher order, relativistic terms in the RSEA expression have been
" neglected. Replécing the last factor of B2 in this expression with‘unity,

we can obtain:

o | .
Yk . 1.302 x 107"

2,2 L yey2
.ZIY .YV

y[ 1 +’O.2761(£ﬁ(2.38Y2V2)-1) cm? -keV?
b | (19)

In ofher words, dU%/Z?YZ is a function of only the variable Y2V? |
where V = '\fl/vK-and ,Vl/vl(' is Idefi‘ned following eq. (6). Fig. 6 shows this
curve andvCOmpéres~with'OUrv4Q88 GeV proton data which is the only'data'thus
far avéilable fbr which fhe approkimation Bz ~ 1 1is justified. The fit is not
very good, and this is mbstly because of the failure of ﬁhe RSEA aﬁﬁroximatibn _
to give a good K vacancy cross section. At higher energies, the initial. |
electron motioﬁ terms that afe neglected in ﬁaking-théiRSEA‘shouldvbefless
important compared to thé total cross section which continues tovinérease |
‘as the_lnyz._ The fit at even higher energies is theréforé expécted‘to'be'
slightly_bétter,v | _A |

| Finally we compare with the 160 MeV proton data of Jarvis et él.6 in

“Fig. 7. That system is neither extreme relativistic, nor non-relativistic
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hence cannot = be plotted on.either ef our universal curves. Including the

distant collision cross section improves the agreement between eXperiment
and theory, for the 160 MeV case, but is not quite so impressive as the
-, considerable improvement'ih the 4.88 GeV data.

In this work we have used very simple»formulasrfor”the distant collis-
ion term and we have admlttedly not used a proper- relat1v1st1c version-of
the BEA cross section so the excellent agreement between: theory and exper-
iment displayed in'figs. 4,5, and 7 may be somewhat fortuitous. Our purpose),
however, has not just been to improve agreement w1th experlment but to show
why . these distant . colllslon terms should be 1nc1uded in K Vacancy produc—:
‘tion cross sections by incident protons. Even with 4.88 GeV protons'
we have not reached the point where this distant collision term makes a
1arge, dramatic difference”in the observed cross section. The factor of
two deviation is not really that significantlconsider;ng the average performance
of the'BEA PWBA'vandeCA theories; such a deviation may-pdesibiy be expiained
by other effects that have prev1ously been examlned by others. The ultimate
test of whether thlS term should be included in K vacancy cross section .
calculations 11es either in doing experiments at higher energies or in much :
more sophisticated, theoretical, telativistic PWBA or BEA calculatiohs. We
hope the-present workvsparks.further investigations'ihto these directions.
| Finally we show how the BEA + distaht‘collisioh'cross section behaves
at even higher energies. Since in the BEAvtheory, the cross'sections depend.
only on the ratio of-the prejectile velocity to the Kielectron velocity,
the higher energy behavior of this cross sectioh is expected to be constant
for T2 5 GeV' However the distant colllslon term rises like the log
Y, hence: the total Cross sectlon also rises. Flgure 8 shows the K cross

sectionsrfbr protons on Sn as a function of kinetic energy up to 10,000 GeV.
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It is interesting now to return to the point made by Jarvis gt;gl,ﬁ; By

comparing pfoton‘indUced K excitation cross section with relétiVistically.calcu-'
lated electron induced K excitation Cross sections'they had previously suggested
the kind of rise that is shown in this curve.‘ H0weuer, the reason why the electron
K excitation curve rises is because of the distant'COIIision term. In fact,
h'the:behavior of the close collision and distant collision contributions in
thé‘electronitﬁeory16 iS'QUalitétively similar to that displayed in fig. 8.
The‘cloee collision part approacheé'a constant at'high incident electron

energles while it is the distant colllslon contribution that causes the cross

sect10n1to rise.

Conclusions

_ Cross.sections for K vacanCyvproduction by 4.88 GeV protons were
'measured and they disagreed 51gn1f1cant1y with the BEA and PWBA predlctlons
We argue that the classical BEA theory of K Vacancy productlon is correctly
extended to relativistic energles when the correct velocity v, = Bc- is
~used in the scaling'narameter (vl/vK)Z, but the BEA expression only accounts
for the cross Section»from'encounters with impact pérameter less then the K
radius. Besides this a distant collision'contribution must be added to the
' claseical BEA cross section. The BEA theory only allows K»VacancieS'to-be
created by direct close collisions; the ptojectile Rutherford scatters the
| K electron, ejecting it into the continuum. In distant collisions, K |
vacancies may also be made if the electron photoelectrically absorbs 
radiation from the virtual field of the mouing'projectile.
While little emphasis has been placed on distant collision contribu-

tions to the K-vacancy cross sections, the idea'of’Epplying this correction

i
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1s not new and has beenvpreviou51y considered in caiculatihg stopping powers,
K VaCancy production cross sections by incident eléctrons, and even vacancy
production by. incident heavy ions. In:their theory of Z: polarization effects,
Basbas gg;§132¥ calculated the distant collision term:of order.Zj, .but since

they were only interested .in deviations from Z,; scaling, they did not consider

‘the Zi term.. The distant collision fermuadds very little to the total cross
section atJnoh-relativistic.energies and- hence its paSt'negleCt is not éur-'
prising. As”Kv§acancy‘crOSS‘sections are measured af‘even higher energies,

however,'thevdistant collision contributibn will be even more impbrtant, and

at an energy not too much higher than 4.88 GeV, it will be the close collision

contribution"that will be negligible.
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APPENDIX I: TARGET THICKNESS CORRECTION

: Two processes are important: (l)‘protohs hakexsecohdary electrons
which excitevK'vacancies in'electron-electron collisiohs- and (2) protOns
make secondary electrons wh1ch emit’ bremsstrahlung rat1at10n which photo-
electrlcally excites K vacanc1es Other more exotic processes such as proton-
target nucleus bremsstrahlung radlatlon photoelectrlcally exciting K vacancies
and processes 1nvolv1ng muons, pions, and Kaons in processes (1) and (2)
instead of electrons, play an 1n51gn1f1cant role.” . To obtain theoretlcal
expressions, wermake a thin target approximation: whichever Qirectioh_the
secondary electron or bremsstrahlung photon is emitted, it travels. through

"2 thickness t/2 without energy loss, where t is the thickness of the |
'target. We have followed the work of Jarvis et_gl,G in deriring.these
expression. The cross section for process‘(l) is |

n,t - ' ,
oK) =;“‘Z“ T “Ke‘(?) Ay

where n, is the target ‘atom den51ty, do/ds is the secondary electron
Cross sectlon and oK8 is the cross section for an electron of energy e'
exciting a K vacancy. We use a formula 51m11ar to (3)‘fOr.do/de, but ex- -
clude the Za term. The formula of Green and Cosslett22 is used to calcu—

late the K vacancy cross section by 1nc1dent electrons of energy €:

d 2we“ZZZ e ' - -
Ie = v——~——l—2' (1 - p? E—J e - (AZ)
98 mezgrer m o
79,200 e o A3)
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where these terms are descrlbed follow1ng (3) in the text The integral

in (Al) gives approx1mate1y

2
I, Lt
OK 1 = '1.$.X 10° .

— bams (M)
B |

where t 1is in gn/cm® and Ug is the binding energy in keV.. The cross

section for process (2) is |

og, = fm & g% _/Evn'z idg%_ % dE_ PP}:(E ) (AS)

where the‘bremsstrahluhg6’23 cross section is apﬁroximately given by
. : 2 B _
o 1,38 2, o
dE_ (E ,Ex)’ = “EE b_arns kthl (A6) .
d&E_ U v o

and the'photoelectric'excitatioh probability'is givén by

1. M2
L — (&7)

v S U
where u(E)) is parameterized as ju(UK) X ; where j is the jump ratio
' E

at the K edgé u(U ) is the absorptlon coeff1c1ent on the high side -of theb

? and the fall off of the absorptlon coefficient for E > UK is

edge,
parametrized as (UK/EX) where n is some coeff1c1ent; The results are
relatively insensitive to n and we take it to be €. The resulting Cross’

section is then

2,3, 2
ZIZZJU(EK)t

Q
¢

K2 . 212
A, B UK

5.3 barns (A8)

¥.
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To account for the factors neglected in deriving these expressions we use
experimental data to fit the observed thickness dependence of several cross

sections to

% = %o T X1 * Y%

| and values of x and y are found which are smoothly interpolated with 22’»
.The resulting dependencé for Ni.and Au is shown in Fig. 2. Given the un-
certaint&viﬁvthe data, and in the apbfoximations made to obtain these
theoretical expressions, we concede considerable uncertainty in this proce-
“dure, but make the corrections as best that can be done with our d@ta. |
In no case is the correction greater than 12% of the fotéi cross section

.which is within the error bars already set.
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TABLE I. K vacancy cross seétions from 4.88 GeV protons

Finite
lTarget
Z, o _thickness
* (barns) correction
Ni 210 ¢ 25 2.2%
Zr 102 * 12 4
Mo 94+ 12 5.6
Ag’ 58 + 10 ,11}8
Tb 31+ 7 10.7
Ta 22+ 4 6.7
Pt 18+ 4 0.7 ’
Au 17+ 3 2.8
P 15+ 3 2.7
113 1.9
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-TABLE II. Maximum contribution of ZloL term in eq.‘ (5).

UK = 100 keV
prdjectile_ ‘
E, GeV/a.m.u. H "He - Ne = - Ar
0.4 | 0.4% 0.8%  4.2% 7.5%
2. 0.3 0.6 3.1 5.7
6. 0.16 0.32. 1.6 2.9
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’ FIGURE CAPTIONS
Fig. 1. Schéﬁatic‘diagram showing experimental apparatus layout. 'FD:‘
fast discriminator, Amp: amplifier, pileup rejéctor. |
Fig. 2. Expetimental cross;éection versus target thickness. Error bars
~are relative error only. ‘Cﬁrve gives appfokimate to quadratic
thickness dependence. | |

Fig. 3. Cross Sectioﬁvcalculated using RSEA thgogy plotted in wnits of
’ 41\'216 ' )

_the purevRutherfbrd.cohtribution:- Includes only the

| o nc?gU,
first, second, and thlrd_terms of eq. (5).

Fig. 4;V Ratids of experimental cross sections for 4.88 GeV brbtons to -
thedry. Lines are drawn to guide the eye only. Error bars are
included for Oexp/(oBEA + c(b > a)) only. ..

Fig. 5. Universal curve displaying non-relativistiéally calculated BEA,
d(b > a) énd BEA + d(b > a) cfdss sections. bProton data aré»from
Bissinger gg;gljlg and alpha data are from Watson 9£>§i}20 |

Fig. 6. Universal curve displaying extreme’relativisfic cross sections

based on the RSEA theory + distant collision térms. ?oints are.
from our 4.88 GeV proton measurements. Inclusion of BEA effects
of initial K électron motion would bfing better agreement betﬁéen'
theor}.and experiment, but they are not éonvenient to represent in
such a scaling law plot. Note in'eq;-(7) that effects of initial

. eleétron motion do ndt'vanish,at.relativistic projectile veiocities,

but give é factor that approaches a constant V_ﬁ c/vK.

Fig. 7. Ratio of experimental cross section to theoretical BEA and

"BEA + (b > a) cross section for 160 MeV'ﬁrotons.




Fig. 8. Very high energy behavior of p + Sn cross sectidn calculated

using BEA‘plus distant collision terms.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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