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o ABSTRACT - |
’Croes seetioﬁs'fer K vacaﬁcybproductiop<by 4.88 Gevfprotohs;onf
elemeﬁtevbetween Ni‘andvU have been ﬁeaeured,' Theee-cross seCtions 1ie
| appr6Ximateiy a'faetor of two above the Binary Ehcounter and Plane Wave:
Born Approximatioh predictions. To partially explainithese deﬁiations,
we argue:that an'additienal contribution due to_fhe ihteréctioh betweene f
- the cﬁrrente of the projectile and tafget electreﬁ must be added4the$e

theories.



&

&

¢
D
&
O~

I. INTRODUCTION -

In recent years much effort has been devoted to measurlng cross
sections for K vacancy productlon by energetlc protons and alpha
partlcles in med1um heavy_and heavy elements;l- Most of th;s work has
been'done at energies between a hundred keV and 30 MeV per nucleon,
Three theories exist that predict the cross sections: the Binary
Encounter Approx1mat10n (BEA),2 3 the Plane Wave Born Approximation;":’
(PWBA), and the Sem1c1a551ca1 Approximation (SCA) To first order,'

- these'theories predict.that the K vaCancy Cross sections should-fit:
.on a un1versa1 curve and should be a functlon only of the K shell |
b1nd1ng energy u,, the atomlc number of the prOJectlle Zl’ and the
‘ratlo of the pro;ectlle veloc1ty‘to_the ve10c1ty.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 twor

K vacancy nroduction'by very'relativistic protons has not-yet*
- been examined 1 Non—reiativistically,.the cross sections depend on
~ just the ratio vl/v and hence one ‘can actually examlne ‘the hlgh energy
:part of the universal curves by measurlng K vacancy productlon CToss -
sections by moderately energetlc protons on very 11ght elements. Thus ‘
. far, though these non- relat1V1st1c measurements6 have not exceeded '
1/v7 ~.2:16. W1th 4.88 GeV protons, it is p0351b1e to obtain .
Vl/ X ~5- (on Ni) whlch is much larger than any prev1ous measurement
~In addition to the large Vl/VK’ however there is the p0551b111ty that,

additional relat1v1st1c effects on the cross sections may be 1nvest1f

-gated. Previously the highest energy work has been done with 160 MeV



b_z_
protons,7‘where no dramdtic}deviation from the nonrelatiuistic‘EWBA'
theory.was found. The cross sections simply decreesed'roughiy“és tbe'_
- ‘inverse squere_cf Vl/Vk, as predicted by the PWBA and'BEAetbeoriee.
The authOrs-of_that work compared their results with.relntivistically
- calculated cross'sections for K vacancy production by incident electrons,"
suggesting'thatuat proton energies slightly higher than 160 MeV,
relativistic effects may cause the cross section;to‘rise_again.

We originally underteok‘this_werk in order to test whether such |
~ a rise in the cross section.may be observed at 4.88 GeV. ' In Section II
of thi§ paper we present bur experimental work and-final CToss seCtibns,
which are higher than the BEA and PWBAvtheory_predictionS. bTo partially.
"expléin these deviations we-shbw'tbat,an_additional term must be added
to the BEA or PWBA section. | |

While those theories adequately account for the interaction
.'between the statlc Coulomb fields of the prOJectlle and target electrons
they neglect the additional interaction between the currents of the two

8'11 This current- current 1nteract10n should be

charged partlcles

important in this case since the pro; ectlle current has g ~1. In

o almostiall’data-prevlously taken,rs was small; hence, that contributionv.
- could be neglected. - The K'Vacancy cross sections are calculated in |

Section III and are.compared with experimental results-in»Section‘IV.”

II." EXPERIMENT
~ The experimental configuration is schematically'illuétrated'in'
Fig. 1. Protons of 4.88 GeV from the Lawrence Berkeley Laboratbry'

Bevatron passed through a 0.0254-mm Ag monitor foil, a 0.00608 to



0.0508 mm'targetvfoilg a.scintillatiOnvpaddle, an‘ioh chamber,.and
aTv monitorlpaddlevwith.negligible energy loss A.horizohtallyvplaced
Sl(L1) detector viewed the target at r1ght angles to the beam and a -
_Ge(L1) planar detector, fac1ng upward, 11kew1se viewed the target at

_ rlght angles to the beam The target was tilted vertically by 45° and
was 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(Ll) detectors. Both

© detectors also Viewed.the Ag monitor foil; which was placed 10 cm -
upstream from the target. To make deadtime corrections, pulses from

~ each detector fired a fast discriminator which supp11ed one pulse
every hundred pulses to trlgger a pulser on the opposite detector The
number of pulses trlggered (p. ) was recorded and later the number of |
pulses counted (p )} was found. The deadtime correct1on (p /p 1)
varled between 0.4% and 50%.

'vTovmonitor the beam intensity we relied.on an ion Chamber'coupled
to an eleCtrometer and integrator to integrate the relatire.intensity
ofhthehbeam‘from Tun to run. The absolute intensity of the beam was .
found by irradiating a 0.95-cm-thick graphite target and then we off-

line counted the annihilation radiation from the g* decay of e

11C reaction has a known

12,13

formed ih the 1-ZC(p,pn).nC reaction. 'Since the
(1nterpolated) CToss sectlon for 4.88-GeV protons 28 0 6 mb,
‘the absolute number of protons pass1ng through the carbon target ‘and
ion chamber could be found. Seven cal1bratlon Tuns were»taken. The
»measured number of particlesvper ion chamber reading varied‘b& less

than 2%.
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‘ To obtaln cross.sect1ons insensitive to the uncertalnty 1n the
detector deadtlme we measured all of the x-ray ylelds relatlve 'to the
yleld of Ag Ka x-raye_observed in- the monltor foil which, together
with_the_deteetors, remained in a fixed positioh_throughout the entire

ekperiment. For some 40 runs we averaged the quantity

. “P. . )
_ C(AgKa) in :
= Trc TP | (_1)

where C(AgKa) is the counts observed in the monltor foil, I C. is the
ion chamber readlng, and pin/p is the pulser-measured deadtnne correc-
tion. The yield for an x-ray of energy Ex was found by.

' C(Ex) (x> A

Y = CUheke) FEJT _photons/p'roton, (2) |

Where P is the number of protons per ion chamber reading,.F(Ex)‘is the
detector efficiency, C(EX) is the counts obserVed in the xfray peak ofl
energy EX;.and Ais the correction for air’ahd Be attenuator absorption.

" To obtain cross sections, this-yieid was‘divided by the target atem‘
density and“effeetive thickness [1 - exp(-ut)]/u, where t is the thick—Z;
- ness of the tilted target and u(E ) is the attenuatlon coeff1c1ent of
the target fluorescent x-rays in the target mater1a1 14 The cross
sections for the Ka:and K8 peaks (where separable) were then edded,
and the'neutrallétem fluorescent yield' was used to convert the x-ray o -
'croes sections to vacancyvcross sections. . | | | |

| The uncertaintiee in these proeedures Were-as fpllows:
(1) PretOns per ion chamber reading (eeﬁnting statisticé,

11C cross section, B+ counter efficiency;'graphite
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N target thickness): 14%' :
2) - Detector.effieiency:'t 8%. Si(Li), + 14% Ge (Li)h
(3) Average number of deadtime corrected.Ag Ko counts
per ion chamber reading ({x) ) %.Ge(Ll), +.7% Si(Li)
- (4) Target angle, thickness; absorption coefficient: *2%
(5)“'Counting'statistics, inclﬁding variation from Tun to -
:'+'z-10° |
In addltlon, one other correction for target thlckness needs to be
‘made. Plots of the cross sectlons as a function of target thlckness
. (Fig. 2) show thatrthere is avdeflnlte trend for the-observed Cross
sections to increase with target thickness;"This is due_mainly'to
two seéondary prdcessesﬁ? (1) protons'making-energetio’secondary_
electrons in the target which excite K vacancies, and (2) protons
“making Secondary electrons which emit’bremsstrahlung_radiatiOn in
“collisions with other target nuc1e1 which photoelectrlcally excites
K vacancies. For thin targets ‘the former process increases the CTOSS
section linearly with target thickness; the,latter process increases
it quadratically.. | |
To adjust our measured Cross sectionsvto zero target thickness
we have used theoretical, though apprOxhﬁate, expressiohs'for procesSesh
_(i) and (2) and have semiempirically fit these eXpressions to the oata
obtalned when many dlfferent ‘target thicknesses were used . The
certalnty in this correctlon is at least as large as the correctlon
itself, whlch 1n no- case was’ more than 12%. The f1na1 Cross sectlons
are listed in Table I together w1th the. correctlon for f1n1te target

thickness and the total uncertainty. .
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. III. THEORY

A. Plane "WaVe'-'Born ‘:Approxmation

The electromagnetlc 1nteract10n between a sw1ft charged partlcle g

8- 11

and an atom1c electron can be subd1v1ded into two terms the .

_unretarded static Coulomb 1nteract10n-and the 1nteractron'between thé,
hcurrents of the two particles‘ Both are'responsible for the'transfer
of momentum'fromhthe'projectile to thebelectron; causing Kevacancy R

fermation'. The.Coulomb interaction"Z”e2/|;:;j [, Where T and ;j'

are the position Vectors of the prOJectlle and electron respectlvely,

2 2. +> >3
c¢an be wr1tten.as a Fourier 1ntegra1 Z 1€ /Zw dk k exp 1k (r T. ﬂ
.+

where k: serves to transfer momentum from the pro;ectlle to the electron
The current-current 1nteract10n may be v1ewed,as the emlsslon-and
reahsorption'of-a photon with mOmentum,h;r Emission of a photon by
the incident particle_has a matrix element Zlec;-:uasexp(iZn;); Where
AS is the photon's polarization vector‘and.Z is‘the current dnerator
for the particle; Absorption by the electron is proportlonal to the
matrix element of ecZJ X exp(iﬁ ; ): The 1mp11cat10n of this v1ew
is that the current current 1nteract10n may be evaluated equlvalently
in two ways: oOne can either proceed to evaluate these matrix ‘elements by .
.u51ng the PWBA or we may use the completely classical welzsacker- -
Williams method of v1rtual photons. 'The-Plane Wave Born method 1s
- discussed first. | |
Using the'PWBA the cross'section for exciting an electron frem‘;
‘state o to n whlle 51mu1taneously producing a momentum 1oss 1n the

-> > 11

pro;ectlle of q = p-p" is given by



d0n= 5 4 2 I(panlntlp 0), . . (3)
mh v1 S

where vy is the projectile velocity. From the preceding arguments the

matrix element is given by
_ ,

- Zle -> > >
<p n]HlntlpO) = —— x| dk (p lexp(ik-1)|p" (nlx exp(lk T. )IO)
2T
+ Z (p la A §§p(1k g)]p ) (nl2 o5 A exp(ik;rj)lo Yo 1)

- (E /hc )2

where Z1 is the projectile charge,-En (EEn~EO) is. the energy of the

excited state, and the:sum § stands for the sum over intermediate states
which have an emitted photon and either the electron or projectile in an
¢xcited or de-excited state. The matrix elements depénd on the spin of the
pérticle and other relativistic variables, and the square of the matrix
clement must be averaged over these quantities. For the moment we will
neglect'these complications, however, and thé matrix elements may be Te-
duced, using |

-> > >

(3] exp ik- Dp> = @2m? a»(il @' -p)/h),
(;-la.Asexp(ik-r)]p ) = AS(ZN) 6(k+ (p p)/h) | .(5)

) -> -
Where B = Vl/c.
The first term in Eq. (4) is the Coulomb interaction, which exerté

- > -

a force parallel to q = p-p' and is therefore called ''longitudinal'.

The interaction through virtual photons is "transverse' because the

11 .

. : -
photon fields are perpendicular to q. Following Fano and



Eq. (5) we find
do, j4“Zre v lF (Q)I |B (Q)lz qdq, . (6

v o (q - (e, 7C>2)2

- - > A

B n o |
where B = B - (Bq)q ~is the component of B perpendicular to g, and

B F (q) = J <n|exp(1q r, )IO) ,

s Gn(q),= Zj(xrlajexp(iq-r)|0> _— S (N
No interference between the longitudinal and transverse excitations.is
- present because atomic states of different parity are excited by the
different interactions.

The evaluation-qf F (q) is well understOOd . The evaluatlon of

-> . -, : . . .

G, (q)'has been donealso. Where n-is a contlnuum state,. G (q) can be
recognized as the matrlx element for the photoelectron absorptlon of
h1gh energy photons In the splrlt of the. evaluatlon of F_ (q),

’nonrelat1v1st1c one -electron 1s and contlnuum wavefunctlons are used

>
and we equate aj w1th Vj/C = (1En/hc)r.. Fisher 6'has g1ven'y

IG (q)l - i 28 Z6 exp{ZZ/k arc tan[ZZk/(k

B 2 DN
m0% (@ RN 20°)° [-exp(-212/1) ] o

2 2 2

~where k2/2 =g is theVcontinuum'enefgy»and'z is the-target atomic

' charge (elsewhere'Zz)‘ To obta1n the total K vacancy cross sectlon
. -

we need only 1ntegrate q from q = E /hv = (U +e)/hv to qmax |p|reo

min

'and over the contlnuum energy €. Introduc;ng the Varlables

X = cosz-w = qmin/q and y = k /Zz, we find the tranSVerse:excitation _



cfoes section after a few'manipulations:
t 2
og = 1.6 106 8% (25 /2, )g(nK,B ) (barns),

where g(nK,B ) is a unlversal function glven by

0

_g(n.K,s 5 - g

Jo

A-xdx %Z/wfy arc tan (V) (y-1-P) I (0

dy(1+>')
j (1-8 x) [(P+1+y) -ZyP] [1 »exp(-ZTr/Jﬂ]

“vw1th P = (1+y) /4nKx and nK (vl/vK)

We shall discuss the nﬁmerlcal evaluation Qf g(hK,Bz) over a'wide
range of.B2 andv'nK in a later pﬁblication; Here, we shéll concentrate
our_attentioh on the case in which Bzzl, whefe-the integral over x is
strongly peaked at x=1.. We can approXimaté Eq. (10) by letting x=i
for all but the peaking‘factor,‘reducing the doﬁble integral to two

single integrals:i

g8 ~ (* (gl °°dy(1+y)’ < e %ZN? arc_tan(2/(-1-D)1f (1)
o et Jo 1@ty (Lep(- /)

= [nyA)-8%y78t gy,

- when P is now- (1+v)2/4n and vy = [1 B ] 1/2. We have found numerically

'that g (nK) is a slowly Varylng functlon whlch changes from 5.7x10 -3

-3

for Ng = 1 to 6.6x10 "~ for nK

F1na11y, it may be shown that in the limits of qmtn~() or nK*ei,.

one may evaluate G (q) by maklng the dlpole approx1mat10n, i.e.,
setting exp(lq r) 1. The matrlx element is. then the same as that

glven-by Bethe and Salpeter17

and, following a slmllar analy51s,,we
obtain‘g(hK* w)=6.6x10°3. 'Hence in the dipole approximation, the =

transverse cross section is given by
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o I’E = 1.056.x 107 le/zg [ln('\(fz)-BZ]/B2 (barnS)-. B Y))

B. The Classical Evaluatlon

The form of the matrix element for the current-current interaction
suggests that one may use the'Welzsacker-W1111ams~method'of virtual

18,19 'y review this method in the following section.

'photons.
The field of a projectile passing by an electron with an impact -
parameter b has a spectrum of virtual quanta given by the square of

the Fourler transform of the time- dependent electric f1e1d

dg.]g:)wl))) 21r(hw) I E(w b)l | : ' | (13)

where
~ E(a,b) = f dt E (t) ™t
L T ‘
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) _ f 2ubdb dN(w b) .
' _ 2.2 : S -
2 Le K 00K, 2 z[Kz « |
= EET—?- {x (x) (X) B X (X) (X)]
, wB ; : -
wb . o ‘ - S
where x = ,35“‘, vy = (1- B ) 1/2, and Kn(x).are,thé usual modified =

- Bessel functions. _For X % 1, the spectrum'can be epproximated'by§

2.2 | ' o ' :
Z%e” -
'—c—”ﬂ i R ] o

wB X min .

=‘IN
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_Soﬂfar we héve not Specified bmiﬁ' A nqn-zero cho;ce of bmin must be |
made in order to obtain a nondivergent spectfuh. The choiée'u5ually made
in these problems is to use the radiﬁs of electron shell_from.which

béXCitation occurs, which ‘in this case is the K shell rédius ay - The

: argument for this choice 1s that for impact parameters less than ag the

expan51on of the interaction into multlpoles fails and the -dipole

approximation can ﬁo 1ohger bé trusted. Other arguments have been
given.20 Unfortunately, the.final résultsvwill not be insehsiti?e fb

the choice of b_. .
e min

Photons of energy hwx > UK can photoelectrically excite K electrons

giving a net cross section
WW'_ e dN 3 v
K '__~/6; opg () do dog > v (16)

_ where W is the cutoff frequency 1.123 yBc/aK, and Opg is the photo-

electric cross section per atom given by

: | U, 4 | -1 o )
- 84 ~K exp(-4n cot "n) (barns) an
PE G [f-‘“’x] a-e2m o

“1/2

with n = [ﬁwx/UK'— ]Jv~ . Fbllowing-KolbehsVedt,z} (16):15 integrated
(with approximations) and we find |

v K 1 056 X 10 yA /Z2 [In(2. 4nK Y ) -8 ]/6 (barns) (18)'

Except for the factor In 2.4, this is equivalent:to the dipole- PWBA.
1n the fange of~nK thatvwe are interested:in this fattof makés a 1argé

differencé in o hence the Welzsacker Wllllams method w111 not be a

K b
- good apprdximatlon.
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' One:can"possibly improve the tlassidal’calculations‘by intrbducing

22 10 by

more sophisticated expressions for the virtual photoﬁ field
'.Iusiﬁg fully retarded expressions for the photoelectric CToss section.
bl'Such'an approach, however, is liable to be more complicated than the

'_PWBA-methodlfor which we aiready have results.

- C. The Total Cross Section

In using the classical method,bne generally adds to the Weizs#cker-

Williams cross section the integrated cross section for the Rutherford
_scattering of the electron from the projectile with an energy transfer18

£ > UK (valid forlvéry’largeme)r

integral_dvervimpact parameters is generally made. - The Weizsacker-

At this point a discussion about the

Williams Crosé section was integrated‘over impact parameters b > ay, and
is therefore a distant Céllision cross section. The Rutherford cross
section, representing the interaction between the stati; Coulomb fields,
is a close.éollision‘cross section. It is genefally thought that one
should be careful not to double—count impact pafameters, i.e., one
should just take the Rutherford cross seétion integrated fromb =0
to aK.18,19 | o

We would like to emphasize that since the Weizsicker-Williams and
Rutherford cross éeétions come from two differenf interactions, they
should both be integrated oVer all impact parameters, hence there should "
be no concern-about.doﬁble conting. The only reason why the Weizsacker-
Willriams Ccross section wa.ls.not integrated to b = 0 was to obtain a
nondivergent Virtual_photon cross séction. This is just a petuiiarity

of the method. The total cross section is therefore giveh'by summing
Lot v _ - v
%K T %k °

OK - (19)
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‘where oi‘can.be eithef the PWBA, BEA, of'SCA cross. section for the

t
K

PWBA cross section for the current-current interaction.

Coulomb interaction and o, can be either the Weizsicker-Williams or the

- IV. DISCUSSION
In Fig. 3 Wevcdmpare'the experimental Ccross sections to two theoret-

ical calculations. The classical ca1¢u1ation is obtained by adding the

1

Weizsacker-Williams cross section to the BEA cross section.” The BEA

theory accounts for the Rutherford scattering of an electron of Velocity

>

. ) -> ' . -
VZ by a projectile with velocity v, giving an energy transfer e. A

1
formula like (2) is used except that an additional average over the

_ -> >
~direction of v, and v, and the initial electron speed v, is done. For

1 2
the PWBA cross sections, the'longitudinal contribution is given by
: Khandewél;g}_g}.zs The transverse contributiQn-was obtéined by
numerically- evaluating Eq.(10). Based on our earlier discussién,-wé'
believe the remarkable agreement between the cléssical éalCulationﬂ
~ and expefiment is fortuitoué. |

The transverse excitation};ontribution élearly brings the PWBA
evaluation closer to experiment, thoﬁgh perfect agreemenf is still not
obtained. It is curious that tﬂevdeviations are more pronoUnced_for
‘the higher Z elements whefe1TK is smallest and indeed,qverléps ﬁreyibus
measureménts. Whether this indicates thé imporfance of a relativistic
term in (0Z)™ we camnot say; |

+ .

It has been pointed out that the’Bethe Approximation24’25

" agrees

quite well with our-experimental results. The Bethe'Approximation

incorporates the transverse as well as longitudinal contributions, but
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' > >
is based on the d1pole approx1mat10n to matrix elements of exp(iq- r)
and a exp(lq-r). The approximation predlcts a ratio of experlment-tova
theory of 1.4 for Ni and 1.0 for U which is considerably better than )
our evaluation However, webquestion:the’validity of'the’dipole

1/2

approx1mat10n 1n these cases where an~[4nK] is of the order of
0.1-0.5 1nstead of 0. Whlle for the transverse contrlbutlon the d1p01e
approx1mat10n seems adequate (see Eq (11)), it does not seem appropriate
for the 1ong1tud1na1 contrlbutlon Comparlng Khandewal' 23 un1versa1 e
functlon f(nK, 8,~1) for the 10ng1tud1na1 Cross -section w1th the d1pole
approximation to it, we find serlous d1sagreements for ”K <5 (Z
for 4.88 GeV'protOns) - The fully retarded matrlx element is smaller
than the d1pole approx1mat10n, hence, the better agreement for the o
r»heavy Z 10w11K elements is fortu1tous
We have used_the PWBA to calculate:the transverse excitationvcen-v

'tribution to systems other than 4{88-GeV protons. ‘Basicaliy, the

v‘contributioniis negiigible_in all heavy-particle-data that_have erer beeh ]
" taken. For instance for SOQMeV p+ Ti, tnefcontributienlonly increases
O by 3.3 xlle4. ‘The second highest velocity measurement was made with
160—MeV'protons by Jarvis et al 7 There, the'contribution rangeshfrom_
4.2 x 10° fbr Ti to 2.6 x 10 -3 for U. These results are not surprising,

'_'51nce in all of . these cases, the prOJectlle current has B << 1. Hence,'
.the current- current 1nteract10n is expected to bc small. |
| Flnally we show how the total PWBA cross sectlon behaves at even _’
higher energies. Since the 1ong1tud1na1 cross sectlon depends only ‘on
vtne ratio of the projectile velocity to the K electron velqc1ty, the

higher energy behavior of this cross section is eXpected to be constant -
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for T 25 GeV. However, the transverse contr1but1on rises like the ‘log
‘YZ, hence the total Cross: sectlon also r15es._-F1gure 4 shows the K cross
-'sectlons for protons on Sn as a funct1on of k1net1c energy up to 10 ,000
:GeV It is 1nterest1ng now to*return to the po1nt made by Jarvis et al.
'By compar1ng proton- 1nduced K exc1tat1on CTross sect1ons w1th relat1v1s—
t1cally calculated electron- 1nduced K excitation Cross sect1ons they
had prev1ously suggested the k1nd of rise that 1s shown in this curve.
However, ‘the reason the electron K exc1tat1on curve rises is because of
the transvefse term. In fact, the behavior of the 1ongitudinal and
traneverse'contrihutions in the electron theory21 is_qualitatlvely
similar to that dlsplayed in Fig. 4 The longitodlnal partvapproaches
‘a constant at high 1nc1dent electron energ1es while it is the transverse

' contr1but10n that causes-the~cross section to rise.



-16-'
V. 'CONCLUS.I»ONSH .

Cross sections for K vacancy production by 4.88- GeV protons were
measured and they dlsagreed 51gn1f1cant1y with the BEA and PWBA pre-':
d1ct10nsf “We argue that‘the BEA and PWBA theorles of k vacancy produc— |
tion are cbrrectly extended to reiativistic energies when the'correct";;.
velocity v1 Bc 1s used in the scaling parameter (v /VK) Thoee
theories only account for the 1nteract10n between the. statrc Coulomb
flelds of the prOJectlle and target electrons. Be51des thls,-a contrl—
butlon due to the JAnteraction between the pro;ectlle and electron currentq
:must be added to these cross sections. |

The transverse 1nteract10n between charged partlcles and matter has
prCV1ously been 1nc1uded in calculations of stopplng powers11 and |
K—vacancy productlon by incident electronlef' The reason why it haq

» not been mentloned in connectlon with K- -vacancy product1on by protons
~ and heavy ions is because in all previous measurements: of_thls kind the a
incident projectilevvelecity had 8 « 1, and,theltranSVerseJterm wasb
entirely negligible. Many'relativisticyproton accelerators;exiet
throughout'the world and we hope that this enperiment»wiil inspire
eothers to more fully examdne,the contribution of.the'tranéverse inter-

action to inner shell vacancy production.
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* TABLE I. 'K vacancy cross sections'frdm.4;88-GeV profons."»

Finite
target
thickness
‘ .o _ correction
Z, . Oams) o (®)

Ni . 21025 22

Zr 102 £ 12 | 4.0

Mo 94 x 12 5.6

+

Ag s8x10 11.8
T o3 0.7

1+
~J

I+
=
o
o

Ta 22
Pt 18

I+
~
o
~a

i+

w
~No
o]

A 17

Pb 15

1+
(]
™~
~3

+
w

L
(e TN

U 11
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‘Figure Captibﬁs

Schematlc diagram show1ng exper1menta1 apparatus 1ayout - FD:

" fast dlscrlmlnator Amp amp11f1er ‘pileup rejector

Experlmental Cross sectlon versus target thlckness. Error baféi
are relative error only;_'Curve_giVes approximation to quadratic

thickness dependence..

Ratios of éxperiméntal Cross sections for 4‘88-GeV-protons,to

theory. L1nes are drawn to gu1de the eye only Error bars are

- included for O /(GPWBA PWBA) only |
Very high- energy behav1or of p + Sn Cross sectlon calculated

'by,u51ng the PWBA.



Scinfillution

“Monitor foil ange‘f,foil_ ~ paddle

lon chamber

4;836¢Vp*_\_ N L

<

T1.V. moniior |
paddle
' ] S

-

Eledrome'er-

Scaler | Pulser P1osiu) | Ge(li)

A

Pdlser

> Scaler

-“Zfo

~ Amp. | Amp.

*Ahnlysér _‘% _ ————

Scale down | |Scale down

o0psd

) : . . ' : Y

JED. Ten.

Analyser

 XBL759-3992



.» -,-2‘3-" R

|

!

L1 LlJ_

O

o (b

250

|50 LI I L 1:-1 L
~ Thickness (0.001")
;»'xe|__759,-'3990

Fig. 2



0
-4 | ' .

N

1

\

>\

B\
e e

N

\ e\
He— >
\ .

‘\[

N
|
<

|

. 3 L. R W '_.-.___l_ 4
. : il

_ 1 N N NN NN REN ERNNUNS NN
I0 20 30 40 50 60 70 80 90 100
| Target Atomic No., Z, | |

‘Ratio of Exp. to -Theo. Cross Sections for K-VacancyP'roduction.

- XBL 764-1578



AAAAA

 .25-

mm;-ooh ax

OOOO _

OOO |

¥ °31g

 (A%9)3
00l

ol

SR L O

.Z.Z_OD._._OZOJ _

LA I I LARLLLEL 1 1 LLLLLLELE -

letbia 11

cm +d

Direr a1 1

Lieitir 11

[THGE BN 1 N U

._,__ __ ‘_»oN_
ol

AT

o

(SNYvE)



Cu » us 9002

L

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. St




~

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





