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ABSTRACT 

LBL-4307 

* 

Cross sections for K vacancy production 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 Born Approximation predictions also. To explain 

these deviations, we argue that a distant collision tenn IIRlSt 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. 

tMembers also participating in these experiments were S. Nagamiya,' 
J.O. Rasmussen, H. Bowman, J. Ioannou-Yannou, E. Rauscher. TOSABE 
stands for Tokyo, Osaka, Berkeley collaboration. 
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I. INfRODUCfION 

In recent years much effort has been devoted, to, measuring cross sections 

for K vacancy production by energetic protons and alpha particles in medilIDl 

heavy and he~vy elements. l Most ~f this work has been done at energies 

between a hundred keV and 30 MeV per nucleon. Three theories exist that 

predict the cross sections: the BiriaryFncounter Approximation (BEA),2,3 

the Plane Wave Born Approximation (PWBA),4 and the Semiclassical Approx

imation (S'CA). 5 To first order, these theories predict that the K' 

vacancy cross sections should fit on a universal curve and should be 

a function only of the K shell binding energy UK' the atomic number of 

the projectile Zl' and the ratio of the. projectile velocity to the velo~ity 

of the electron in the K shell vl/vK. Nearly all of the data taken fits 

the universal curve to within approximately a factor of two. 

K vacancy production by very relativistic protons has not yet been 

examined. 1 Non-rel~tivistically, the cross sections depend ort just the 

ratio vl/vK and hence one can actually' examine the high energy part 

of the universal curves by measuring K vacancy production cross sections 

by moderately energetic protons on very light elements. Thus far, though, 
1-

these non-relativistic measurements have not exceeded v1/vK "'" 2. With 

4.88 GeV protons, it is possible to obtain v1/vK "'" 5 (on Ni) which is 

clearly nruch larger than any previous measurement. In. addi tion to the 

large vl/vK' however, there is the possibility that additional relativistic 

effects on the cross sections may be investigated. Previously the highest 

energy work has been done with 160 MeV protons6 where no dramatic 

deviation from the non-relativistic PWBA theory was found. The cross sections 

simply decreased roughly' as the inverse square of v/vK as predicted by the PWBf, 
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and BEA theories. The authors of that work compared their results with 

relativistically calculated cross sections for K vacancy production by 

incident electrons suggesting that at proton energies slightly higher 

than 160 MeV, relativistic effects may cause the cross section to rise 
" . 

again. 

We originally mdertook this work in order to test whether suCh. a 

rise in the cr~~s section may be observed at 4.88 GeV. In Section II 

of this' paper we present our experimental work cind final cross sections 

which are higher than the BEA and PWBA theory predictions. To explain 

these deviations we show. that a distant collision term must be added to 

the BEA cross section. In the BEA theory, electrons are ejected from 

the K shell when they undergo Rutherford scattering by the proj ectile 

in collisions where the impact parameter is generally less than the 

target K-shell radius~. However, contributions can come from COllisions 

with impact parameters greater than ~ where energy is transferred from 

the projectile to the bound electron through the virtual radiation field 

. bf the moving projectile. We compare the BEA+ distant collision cross 

section with our results and others in Section IV. 

I I • EXPERIMENT 

The experimental configuration is schematically illUstrated in Fig. 1. 

Protons of 4.88-GeV from theL-awrenceBerkeley Laboratory BEnrafron passed 

through a 0.0254 mm Ag monitor foil, a 0.00608 to 0.0508 mm target foil, a 

scintillation paddle, ion chamber, and a TV monitor paddle with negligible 

energy loss. A horizontally placed Si(Li) detector viewed the target at right 

angles to the beam, and a Ge(Li) planar detector faCing upward, likewise 

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

. i ., 

- . 



o 0 

-3-

by 45° and was rotated by 45° so that its nonnal was 60° to the beam and 

its plane face was 45° from both the Si(Li) and Ge(Li) detectors. Botll 

detectors also viewed the Ag monitor foil, which was placed 10 cm upstremn 

from the target. To make deadtime corrections ,pulses from each detector 

fired a fast'discriminator which supplied one pulse every hundred pulses 

to trigger a pulser on the opposite detector. The number of pulses trig

gered (Pin) wasretorded and later the number· of pulses counted (pc) was 

found. The deadtime correction· (p. /p -1) varied between 0.4% and 50%. In· c 

To monitor the beam intensity, we relied on an ion chamber coupled 

to an electrometer and integrator to integrate the relative intensity of 

the beam from run to run. The absolute intensity of the beam was found 

by irradiating a 0.95 on thick graphite target ,md then we off-line cowlteJ 

the annihilation radiation from the S + decay of 11 C formed in the 

12C(p,pn) IIC reaction. Since the llC reaction has a known (interpolated) 

7 8 cross section for 4.88 GeVprotons, 28 ± O.6mb' the absolute number of pro-

tons passing through the carbon target and ion chamber could be found. Seven 

calibration runs were taken. The measured number of particles p~r ,ion chamber 

reading varied by less than 2%. 

To obtain cross sections insensitive to the uncertainty in the 

detector deadtime, we measured all of the x-ray yields relative to the 

yield ofAg Ka x-rays observed in the monitor foil which,together with 

the detectors,remained in a fixed position throughout the entire experi-

mente For some 40 runs we averaged the quantity: 

x = C(AgKa) 
I.C. 

p. 
ill . 

(I) 

where C(AgKa)is the counts observed in the monitor foil, I.C. is the ion 

chamber reading, and Pin/pc is the pulser measured deadtime correction. 
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The yield for an x-ray of energy Ex was found by: 

y = 
C(E ) x 

photons/proton (2) C(AgKa) 

where P is the mnnber of protons per ion chamber reading, F(Ex) is the 

detector efficiency, qEx) is the COlUlts observed in the x-ray peak of 

energy Ex' ahd A is the correction for air and Be attenuator absorption. 

To obtain cross sections, this yield was divided by the target atom 

density and effective thickness [1 -: eX}) (-l1t)]/~ where t is the thickness 

of the tilted target and ~(Ex) is the attenuation coefficient of the tar

get fluorescent x-rays in the target material. 9 The cross sections for 

the Ka and KS peaks (where separable) were then adde~and the neutral 

atom fluorescent yieldlO was used to convert the x-ray cross sections to 

vacancy cross sections. 

The lUlcertainties in these procedures were as follows: 

(1) Protons pe~ ion chamber reading (colUlting statistics, 

1 1 C cross section, S + comter efficiency, graphite 

target thickness): ± 4% 

(2) Detector efficiency: ± 8% Si(Li), ± 14% Ge(Li) 

(3) Average number of deadtirne ~orrected Ag Ka COlUlts 

per ion chamber reading « x ) ): ± 13% Ge (Li) , ± 7% 

Si(Li) 

(4) Target angle, thickness, absorption coefficient: ± 2% 

(5) Counting statistics including variation from run 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 i~ due mainly to two 

6 
secondary processes: (1) protons making energetic secondary electrons in 

the target which excite K vacancies, and (2) protons making secondary elec

trons'which emit bremsstrahlung radiation in collisions with other tar-

get nuclei which photoelectrically excites K vacancies. 

For thin targets the foI1!lEir proces,s 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, though 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 

more than 12%. The final cross sections are listed in Table I together 

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

I II. TIIEORY-

Relativistic Stationary Electron Approximation (RSEA) 

For the extremely high energies used in our experiment, the existing 

Binary Encounter Approximation (BRA), 2, 3 Plane Wave Born Approximation 

(PWBA) ,4 and Semi-Classical Approximation (SCA) 5 theories do not handle 

relativistic effects correctly, though they generally do take proper account 

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 initial motion of the K electron. 
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We consider the K electron to be stationary with respect to the IIlOV.lllg 

projectile, which is equivalent to considering vl»vK where vI is the projec

tile velocity and vK is the K electro~ velocity. Vacancies can be created 

if the projectile scatters the K electron transferring energy in excess of 
, 

the K binding energy. At relativistic energies the usual Rutherford scattering 

formula should be replaced by the McKinley-Feshbach formulall which, written 

differential in the energy transfer E:, is: 

do _ 
d£. - (3) 

where a-c = 1/137, B = vIc, E:m is the maximum energy transfer 2mc 2 B2y2 to order 
m 
Me yB, and M is tne projectile mass. The first term in this expression is the 

familiar Rutherford scattering cross section while the first and second tenns 

k h 
. 12 . 

rna e up t e well known Mott result. Mott's formula has been expanded in 

powers of Zl a by McKinley and Feshbach13 and the third term in this expression 

is correct to third order in Zla. The vacancy production cross section per 

atom is: 

. E: ) 

z£m~d€ 
K 

(4) 

where UK is the K binding energy and the factor of 2 is included because 

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

tn( ~:)+ ~a~~UK (2(~: r 2- tn(~;)] 
(5) 
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Figure 3 plots the second and third terms in this expression in units of 

the leading term ·41TZ 2e'+/mc2 S2U for various proton en~rgies. I K 
term increases in importance with larger values of UK and Table II gives 

the contribution for nearly the largest value of UK considered in this work. 

The corrections to the leading term, which is essentially the Rutherford .. 
term, are very small for protons. The reason for this maybe seen by 

examining Eq. (3) .. The -cross section falls off as e::- 2 
; therefore, the impor

tant part of the cross section is -for the smallest energy transfer UK' The 

relativistic terms enter as the ratio t/e:: or UK/e:: which is small compared m m -

to unity, e.g.;O.OS, 0.0055, 0.0091 for UK == 50 keV and El == 0.4, 2 and 

6 GeV/amu respectively. Hence, the relativistic terms clearly give insig

nificant contributions to the non-relativistic Rutherford cross 
--

section. This leads us to believe that we can, to good approximation, 

estimate K vacancy production in collisions involving relativistic protons 

by the non-relativistic expression, where the projectile energy is replaced 

by I1 == ~C2S2. 

Let us use this prescription to modify the BEA theory2. TheBEA theory 

accounts for the Rutherford scattering of an electrOn of velocity ~2 by 

a projectile with velocity ~l giving an energy transfer e::. A formula like -

(2) is used except that an additional average ove~ the direction of ~l and 
-r 
v2 and the initial electron speed v2 is done. The probability for an 

electron traVeling with velocity v2 is Iw(v2)1 2 , where w(v
2
) is the Fourier 

transform of the K shell configuration wave function. We can compare the 

RSEA theory. The BEA cross section can be written as: 3 

(6) 
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Analytical exp'ressions for 

G are available, and since v1/vK > 1, we may approximate G by neglecting 

terms of ordervK/v1 obtaining 

(7) 

Except for the logarithmic: tern this is the' same as was obtained in the RSEA 
, , 

theory when terms of order uK/~m are ~eg1ected~ The logarithmic term in 
, . 

the BEA theory comes from including the initial motion of the struck e1ectroh. 

The above arguments are meant to show that Rutherford scattering 
\ 

adequately describes the K electron-projectile interaction and thus the 

BEA theory should work if we use the prescription of replacing E1 by ~mc2S2. 

We have examined Gerjuoy's original fornu1ation14 of the BEA formulas to 

see if replacing E1 by ~C2S2 and continuing to treat the initial electron 

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

were used andEl appears in the final results by putting E1 = !zM v~This 

energy was' multiplied by the reduced mass divided by M . which, both re1ativ-

istica1ly and non-relativistically, is approximately the rest electron mass 

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

E1 by ~mc2S2 in Gerjuoy's BEA expression. 

K Vacancy Production in Distant Collisions 

In the theory of stopping powersll ,15 and K vacancy production by in

cident electrons,16 the cross sections are often divided into a close col-

lision part and a distant collision part. The dividing line between the 

two is often at an impact parameter b arotmd the electron shell radius, in 
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our case~. For collisions with b < aK, energy is transferred from the 
11 .. 

projectile to the K electron by Rutherford (heavy particle + electron) 

or MOller16 (electron-electron) scattering as described above. In the dis-

tant collisions, energy is transferred via the radiation field of the 

moving projectile. 

We calculate the part due to distant collisions by using the method· 

suggested by Williams .17 There are, of course, other methods which are 

essentially equivalent and have been used in the stopping power formulas, 

but Williams' method is most simple and has already enjoyed considerable 

success predicting K vacancy cross sections with relativistic electrons. 16 

., The field of a projectile passing by an electron with an impact para

meter b haS a spectrum of virtual qu~ta given by the square of the Fourier 

transform of the time dependent electric field: 

where 

dN (w,b) = 
d(flWj· 

c 
27T (Tlw) 

E(w,b) = £ dt E (t) 
iwt e 

(8) 

and the time integral is over a trajectory with a given projectile velocity 

and electron-projectile impact parameter. To obtain the total spectrum, we 

integrate over impact parameter: 

dN(w) = 
d(fiw)' 

= 

1 2 bdb dN(w,b) 
• 'IT d(hw) 

mln 

[x Ko (x) K 1 (x)-l,S 'x' (~: (x) - K: (x)) J 
(9) 
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where x = 
wb _ 

min 
yv 

y {l-s2r!z , and K (x) are the usual modified Bessel . n 

functions. For x«l, the spectrum can be approximated by: 

2 
6 e2 

[ £n ( 1.123y v ) 
-82/2J dN 2 1 

d(fiw) = - (10) 
'IT . chWS2 wxbmin 

So far we have not specified bmin . A non-zero choice of b _ illUSt be made . min 

in order to obtain a non~divergent spectrum. The choice usually made in 

these problems is to use the radius of electron shell from which excitation 

occurs which in this case is the K shell radius aK. The argument for this 

choice is that for impact parameters iess than aK the expansion of the inter

action into multipoles fails and the dipole approximation can no longer be 

tTIlSted. 
. 11 

Other arguments have been given. Unfortunately, the final re-

suIts will not be insensitive to the. choice of b - . 
IDln 

Photons of energy hwx >UK can photoelectrically excite Kelectrons 

giving a net cross section 

f
WO 

cr(b ~ a) = ... 
UK 

(11) 

where Wo is the cutoff frequency, 1.i23 YSc/aK, and apE is the photo

electric cross section per atom approximated by 

84 exp (-4n cot- 1 n) 
(1 - e -2m) . barns 

(12) 

wi th n' [hW,/UK - 1 J" . Following Kolbensvedt, 16 (11) is integrated 

(with approximations) and we· find . 
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c cr(b > a) ~4~~: I in ( (SYb:608
) - s'l barns 

K 

(13) 

where UK is in ke V. 

As long as we are careful about not double counting, the total K vacancy 

cross section can be written as 

cr = cr (b < a) + cr (b > a) (14) 

where cr(b < a) can be either the BEA, RSEA, or PWBA cross section. In de

~iving cr(b > a) we do not count impact parameters less than aK. In the 

RSEA theory, the largest impact parameter is when E (b) = UK or 

bmax (15) 

Neglecting unity with respect to Em/UK we obtain the maximum impact parae

meter in the RSEA (and also BEA) theory: 

(16) 

Equation (14) is thus invalid for protons if S < 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 cross sections to (a) the RSEA results, 

(b) the BEA theory results, 1 (c) the BEA + distant collision results, and 
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(d) the PWBA results. 18 The RSEA ratio (a) is higher than the BEA ratio 

(b) and this is because the BEA cross sections are larger than the RSEA 

cross sections by the contribution from the logarithmic term in eq. (5)' which 

comes from including the. initial motion of the struck electron. The RSEA, 

BEA, 'and PWBA cross sections all lie a factor of 1.4 to 3. times lower than 

our exper:iIne~tal results,' and we would be hard pressed to explain these 

large factors without adding the additional distant collision tenn. Adding 

this term clearly brings the theory in line with our experimental results. 

The distant collision tenn is not a purely relativistic phenomenon, 

but should contribute whenever the velocity is large. When 62 < < 1 

a(b > a) can be written in such a way as to display the tmivers~l scaling 

dependence that is familiar in the BEA theory. 

u2 

a(b> a) K 
Z2 
1 

= 3.6 X 10- 20 (17) 

where A is the ratio of the projectile mass to the electron mass and El 

is the projectile kinetic energy. This curve is shown in Fig. 5 together 

with the BEA curvel and the sum of the BEA + distant collision cross 

sections. In this figure we also show some 2-30 MeV P + Ca, Ti and Ni19 

and some 3-80 MeV ex + Fe20 data. For reduced velocities arotmd unity" the 

,distant co~lision tennincreases the cross section by about 30% and it is 

debatable whether it improves agreement between theory and experiment. For 

E1/AUK < 0.4 eq. (17) implies that the distant collision cross section is 

zero since the argument of the logarithm is less than tmity. This is 

an artifact of the small argwnent approximations to the Bessel ftmctions 

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 near reI'ativistic energies, it is not possible to plot data on a single

parameter, universal curve like that shown in fig. 5. At extreme re1ativ-

istic energies however, it is possible using the RSEA expression (5) for 

the 'close collision cross section and (13) for the distant collision cross 

section to obtain an approximate single parameter expression. The total 

cross section is: 

a = + -S'] . barns (18) 

where the higher order, relativistic tenns in the RSEA expression have been 

neglected. Replacing the last factor of 82 in this expression with' unity, 

we can obtain : 

1. 302 x 10- I 9 

y 2V2 
[ 1 + o.2761(fn(2.38Y'Y')-1)] do'"keY' 

(19) 

In other words, aU2/62y2 is a function of only the variable y2V2 
K: 1 

where V = vl/vK and v/vK is defihed following eq. (6). Fig. 6 shows this 

curve and compares with our 4.88 GeV proton data which is the only data thus 

far available for which the approximation 82 ~ 1 is justified. 'The fit is not 

very good, and this is mbstly because of the failure of the RSEA approximation 

to give a good K vacancy cross section. At higher energies, the initia:l 

electron motion terms that are neglected in making the RSEA should be'less 

important compared to the total cross section which continues to increase 

as the lny2 .. The fit at even higher energies is therefore expected 'to be 

slightly better. 

Finally we compare with the 160 MeV proton data of Jarvis et a1. 6 in 

Fig. 7. That system is neither extreme relativistic, nor non-relativistic 
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hence cannot. be plotted o~either of our universal curves. Including the 

distant collision cross section improves the agreement between experiment 

and theory, for the 160 Me V case, but j s not quite so impress i ve as the 

consiucrable improvementjn the 4.88 GeV data. 

In this work we have used very simple formulas for the distant collis-

10n term and ~e have admittedly not used a proper relativistic version'of 

the BEA cross section so the excellent agreement between' theory and exper-

imentdisplayed in, figs. 4,5, and 7 may be somewhat fortuitous. Our purpose, 

however, has not just been to improve agreement with experiment but to show 

why. these distant collision terms should be included 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 

large, dramatic difference in the observed cross section. lne factor of 

two deviation is not really that significant considering the average performance 

of the BEA, PWBA, andSCA theories; such a deviation may possibly be explained 

by other effects that have previously been examined by others. The ultimate 

test of whether this term should be includedinK vacancy cross section . 

calculations lies either in doing experiments at higher energies or in much 

more sophisticated, theoretical, relativistic PWBA or BEA calculations. We 

hope the present work sparks, further investigations into these directions. 

Finally we show how the BEA + distant collision cross section behaves 

at even higher energies. Since in the BEA theory, the cross sections depend 

only on the ratio of,·the projectile velocity to the Kelectron velocity, 

the higher energy behavior of this cross section is expected to be constant 

for T ~ 5 GeV. However, the distant collision term rises like the log 

y, hence the total cross section also rises. Figure 8 shows the K cross 

sections for 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 et al. 6. By 

comparing proton·induced K excitation CrOSS section with relativistically calcu

lated electron induced K ,excitation cross sections ,they had previously suggested 

the kind of rise that is shown in this curve. However, the reason why the electron 

K excitation curve rises is because of the distant collision tenn. In fact, ... 

" t:he behavior of the close collision and distant collision contributions in 

the electron the~ry16 is qualitatively similar to that displayed in fig. 8. 

The 'close collision part approaches a constant at high incident electron 

ene"Ygies while it is the distant collision contribution that causes the cross 

section to rise. 

Conclusions 

Cross sections fqr K vacancy production by 4.88 GeV protons were 

measured, and they disagreed significantly with the BEA and PWBA predictioJ1.s. 

We argue that the classical BEA theory of K vacancy production is correctly 

extended to relativistic energies when the correct velocity vI = 8c is 

used in the scaling parameter (vl/vK) 2, but theBEA expression only accOlmts 

for the cross section from encounters with impact parameter less than the K 

radius. Besides this a distant collision contribution must be added to the 

classical BEA cross section. The BEA theory only allows K vacancies to be 

created by direct close collisions; the projectile Rutherford scatters the 

K electron, ejecting it into the continulH11. In dis.tant collisions, K 

vacancies may also be made if the electron photoelectrically absorbs 

radiation from the virtual field of the moving projectile. 

While little emphasis has been placed on distant collision contribu

tions to the K vacancy cross sections, the idea 'o{applying this correction 
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is not new and has been previoUSly considered in calculating stopping powers, 

K vacancy production cross sections by incident electrons, and even vacancy 
3 

production 'by incident heavy ions. In -their theory of Zl polarization effects, 

Basbas et al. 21., calculated the distant collision tenn of order Z ~, ' but since 
2 

they were only interested in deviations from Zl scaling, they did not consider 
2 

the Zl tenn. 'The distant collision tennadds very little to the total cross 

section at-non-relativistic energies and hence its past neglect is not sur

prising. As K vacancy cross sections are measured at even higher energies, 

however,' the distant collision contribution will be even more important, and 

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

contributiori that will be negligible. 
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APPENDIX I: TARGET nIICKNESS CDRRECTION' 

Two processes are important: (1) protons make secondary electrons 

which excite Kvacancies in electron-electron collisions, and (2) protons 

make secondary electrons which emit bremsstr3hltmg ratiation which photo

electrically excites K vacancies. Other more exotic processes such ,as proton

target nucleus bremsstrahlung radiation photoelectrically exciting K vacancies 

and processes involving roons, pions, and Kaons in processes (1) and (2) 

instead of electrons, play an insignificant role. ' To obtain theoretical 

expressions, we make a thin target approximation: whichever direction the 

secondary electron or bremsstrahltmg photon is emitted, it travels through 

a thickness 't/2 without energy loss, where t is the 'thickness of the 

target. We have followed the work of Jarvis et a1. 6 in deri vingthese 

expression~ The cross section for process (1) is 

= -2- (Al) 

where n2 is the target atom density, do/dE: is the secondary electron 

cross section and 0Ke:; is the cross section for an electron of energy e: 

exciting a K vacancy. We use a formula similar to ,(3) for, do/de: ,but ex

c1ude'the Za. terin. The formula of Green and Coss1ett22 is used to ca1cu-

late the K vacancy cross section by incident electrons of energy e:: 

do 
~ <IE (A2) 

barns (A3) 
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where these terms are described following (3) in the text. The integral 
.. r, 

in (Al) gives approximately 

Z2 
=1.5 x 10 6 A barns (A4) 

where t is in gm/cm2 arid UK is the binding energy in keV. Thecross 

section for process (2) is 

dcr 
<1€, .[

. . dcr(E:) 
n2 . dE 
" x 

~ 

6 23 where the bremsstrahlung' cross section is approximately given by 

2 

1. 38 Z2 
= E:E 

barnskeV"l 
x 

and the photoelectric 'excitation probability is given by 

1 - e-llt/ 2 
1 '- llt/2 

(AS) 

(A6) 

CA7) 

where llCEx) 

at the Kedge, 

U n 
·K 

is parameterized as jll(UK) E where j is the jtm1p ratio 
x 

lJ(UK) is the absorption coefficient on the high side of the 

edge,9 and the falloff of the absorption coefficient for Ex > UK is 

parametrized as (UK/Ex)n where n is some coefficient. The results are 

relatively insensitive to n and we take it to be e. The resulting cross 

section is then 

barns (AS) 

- , 
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To accotmt for the factors neglected in deriving'these expressions we use 

experimental data to fit the observed thickness dependence of several cross 

sections to 

and values of x and yare fotmd which are smoothly interpolated with ZZ' 

The resulting dependence for Ni and Au is shown in Fig. Z. Given the un

certainty in the data, and in the approximations made to obtain these 

theoretical expressions, we concede considerable uncertainty in this procc-

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 total cross section 

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

Finite 
Target 

Z2 a thickness 
(barns) Correction 

Ni 210 ± 25 2.2% 

Zr 102 ± 12 4 

;"10 94 ± 12 5.6 

Ag' 58 ± 10 11.8 

Th 31 ± 7 10.7 

Ta 22 ± 4 6.7 
/ 

Pt 18 ± 4 0.7 

Au 17 ± 3 2.8 

Pb 15 ± 3 2.7 

U 1l± 3 1.9 
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TABLE II. Maximum contribution of Zla tenn in eq. (5). 

UK = 100 keY 

projectile 
i . E1 GeV/a.m.u. H He Ne Ar I 

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. Schematic diagram showing experimental apparatus layout. FD: 

fast discriminator, Amp: amplifier, pileup rej ector. 

Fig. 2. Experimental cross section versus target thickness. Error bars 

Fig. 3. 

Fig. 4. 

are relative error only. Curve gives approximate to quadratic 

thickness dependence. 

Cross section calculated using RSEA thQ0rY plotted ln units of 
4nZ 2e 2 

. 1 

the pure Rutherford contribution: Includes only the .. 
mc 2 S2U 

first, second, and third terms of eq .. (5)~ 

Ratios of experimental cross sections for 4.88 GeV protons to 

theory. Lines are drawn to guide the eye only. Error bars are 

included for aexp/(aBEA + a(b > a)) only. 

Fig. 5. Universal curve displaying non-relativistically calculated BEA, 

a(b > a) and BEA + a(b > a) cross sections. Proton data are from 

Bissinger et al. 19 arid alpha data are from Watson et ale 20 

Fig. 6. Universal curve displaying extreme relativistic cross sections 

based on the RSEA theory + distant collision terms. Points are 

from our 4.88 GeV protonmea~urements. Inclusion of BEA effects 

of initial K electron motion would bring better agreement between 

theory and experiment, but they are not convenient to represent in . 

such a scaling law plot. Note ineq. (7) that effects of initial 

electron motion do not vanish at. relativistic projectile velocities, 

but give a factor that approaches a constant V= c/vK. 

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

BEA + a(b > a) cross section for 160 MeV protons. 

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

using BEA plus distant collision terms. 

,; 
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.--_______ LEGAL NOTlCE---------....., 

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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