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Cross sections for K-vacancy production by 4.88-6eV protons on elements between Ni and U have been

measured. These cross sections lie approximately a factor of 1.4 to 2.5 above the plane-wave Born-
approximation predictions. To partially explain these deviations, we argue that an additional contribution due
to the interaction between the currents of the projectile and target electron must be added to these theories.

I. INTRODUCTION

In recent years much effort has been devoted to
measuring cross sections for K-vacancy produc-
tion by energetic protons and alpha particles in
medium heavy and heavy elements. ' Most of 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 binary-en-
counter approximation (BEA),"the plane-wave
Born approximation (PWBA), and the semiclass-
ical approximation (SCA). ' To first order, these
theories predict that the K-vacancy cross sec-
tions should fit on a universal curve and should be
a function only of the K-shell binding energy U„,
the atomic number of the projectile Z„and the
ratio of the projectile velocity to the velocity of
the electron in the K shell, v, /v». Nearly all of
the data taken fit the universal curve to within

approximately a factor of 2.
K-vacancy production by very relativistic pro-

tons has not yet been examined. ' Nonrelativis-
tically, the cross sections depend on just the ratio
v, /v», and hence one can actually examine the
high-energy part of the universal curves by mea-
suring K-vacancy production cross sections by
moderately energetic protons on very light ele-
ments. Thus far, though, these nonrelativistic mea-
surements' have not exceeded v, /v»=2. 16. With
4.88-GeV protons, it is possible to obtain v, /v
= 5 (on Ni) which is much la, rger than any previous
measurement. In addition to the large v, /v», how-

ever, there is the possibility that additional re-
lativistic effects on the cross sections may be in-
vestigated. Previously the highest energy work
has been done with 160 MeV protons' where no
dramatic deviation from the nonrelativistic PWBA
theory was found. The cross sections simply de-
creased roughly as the inverse square of v, /v»,
as predicted by the PWBA and BEA theories. The
authors of that work compa, red their results with
relativistically calculated cross sections for K-
vacancy production by incident electrons, sug-
gesting that at proton energies slightly higher than

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

We originally undertook this work in order to
test whether such a rise in the cross section may
be observed at 4.88 GeV. In Sec. II of this paper
we present our experimental work and final cross
sections, which are higher than the BEA and
PWBA theory predictions. To partially explain
these deviations we show that an additional term
must be added to the BEA or PWBA cross sec-
tion.

While those theories adequately account for the
interaction between the static Coulomb fields of
the projectile and target electrons, they neglect
the additional interaction between the currents of
the two charged particles. ' " This current-
current interaction should be important in this
case since the projectile current has p= 1. In
almost all data previously taken, P was small;
hence, that contribution could be neglected. The
K-vacancy cross sections are calculated in Sec.
III and are compared with experimental results
in Sec. IV.

II. EXPERIMENT

The experimental configuration is schematically
illustrated in Fig. 1. Protons of 4.88 GeV from
the Lawrence Berkeley Laboratory Bevatron
passed through a 0.0254-mm Ag monitor foil, a.

0.00608-0.0508-mm target foil, a scintillation
paddle, an 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 by
45' and 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 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 supplied one pulse every
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FIG. 1. Schematic diagram showing experimental
apparatus layout. FD: fast discriminator; Amp: am-
plifier, pileup rejector.

hundred pulses to trigger a pulser on the opposite
detector. The number of pulses triggered (p„)
was recorded, and later the number of pulses
counted (P,) was found. The deadtime correction
(P„/P, —1) varied between 0.4% and 50%.

To monitor the beam intensity, we relied on an
ion chamber coupled to an electrometer and in-
tegrator 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-cm-
thick graphite target and then we counted off-line
the annihilation radiation from the!8' decay of "C
formed in the reaction "C(p, pn) "C. Since the
"C reaction has a known (interpolated) cross
section for 4.88-6eV protons, 28+0.6 mb, ' '

the absolute number of protons passing through
the carbon target and ion chamber could be found.
Seven calibration runs were taken. The measured
number of particles per ion chamber reading
varied by less than 2%.

To obtain cross sections insensitive to the un-
certainty in the detector deadtime, we measured
all of the x-ray yields relative to the yieM of Ag
Ke x rays observed in the monitor foil which,
together with the detectors, remained in a fixed
position throughout the entire experiment. For
some 40 runs we averaged the quantity

C(AgKn) p, ,
RIc ~c

where C(Ag Kn) is the counts observed in the
monitor foil, R, c is the ion-chamber reading, and

p„/p, is the pulser-measured deadtime cor-
rection. The yield for an x ray of energy E„was
found by

F= * photons/proton,C(E, ) (x}A
C AgKn F E„)P

where P is the number of protons per ion-chamber
reading, E(E„) is the detector efficiency, C(E„)
is the number of counts observed in the x-ray peak

of energy E„, and 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—e +)/I{,, where I is the thickness of the tilted
target and {J(E„)is the attenuation coefficient of the
target fluorescent x rays in the target material. '4

The cross sections for the Kn and Kp peaks
(where separable) were then added, and the neu-
tral-atom fluorescent yield" was used to convert
the x-ray cross sections to vacancy cross sec-
tions.

The uncertainties in these procedures were as
follows: (1) Protons per ion chamber reading
(counting statistics, "C cross section, P" counter
efficiency, graphite target thickness): + 4%; (3)
detector efficiency: + 8% Si(Li), + 14% Ge(Li);
(3) average number of deadtime corrected Ag Kn
counts per ion chamber reading ((x)): +13%
Ge(Li), + V%%d Si(Li); (4) target angle, thickness,
absorption coefficient: +3%; (5) counting statis
ties, 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 a.s a. function of target thickness (Fig.
3) show that there is a definite trend for the ob-
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FIG. 2. Experimental cross section versus target
thickness. Error bars are relative error only. Curve
gives approximation to quadratic thickness dependence.
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served cross sections to increase with target
thickness. This is due mainly to two secondary
processes', (l) protons making energetic secon-
dary electrons in the target which excite K vac-
ancies, and (2) protons making secondary elec-
trons which emit bremsstrahlung radiation in
collisions with other target nuclei, which photo-
electrically excites E vacancies. For thin targets
the former process increases the cross section
linearly with target thickness; the latter process
increases it quadratically.

To adjust our measured cross sections to zero
target thickness, we have used theoretical, though
approximate, expressions for processes (l) and

(2) and have semiempirically fit these expressions
to the data obtained when many different target
thicknesses were used. The uncextainty in this
eorreetion is at least as large as the correction
itself, which in no ease was more than 1270. The
final cross sections are listed in Table I together
with the correction for finite target thickness and
the total uncertainty.

IH. THEORY

Plane wave Born approximation

The electromagnetic interaction between a swift
charged particle and an atomic electron can be
subdivided into two terms' ": the unretarded
static {oulomb ln'tex'action and the lntex'action be-

tween the currents of the two particles. Both are
responsible for the transfer of momentum from the
projectile to the electron, causing E-vacancy fox'-

mation. The Coulomb interaction, Z,e'/~ r —r~ j,
where r and r& are the position vectors of the pro-
jectile and electron, respectively, ean be written
as a Fourier integral

dkk 'exp[fk (r —rz)],

where k serves to transfer momentum from the
projectile to the electron.

The current- current interaction may be viewed
as the emission and reabsorption of a photon with
momentum hk. Emission of a photon by the inci-
dent pax'ticle has a matrix element Z,eel A,e'"',
where A, is the photon's polarization vector and
5 is the current operator for the particle. Ab-
sorption by the electron is proportional to the rna-
trix element of echz A, e'"'& where 5~ is the Di-
rac matrix for the electron.

Using the PWBA, the cross section for excltlng
an electron from state 0 to n while simultaneously
producing a momentum loss in the projectile of
q=p —p' is given by"

where v, is the projectile velocity. From the pre-
ceding arguments the matrix element is given by

dk j|. p' e'"' p g' e~" J O

Finite target
thickness correction

Ni

Zr
Mo

Ag
Tb
Ta
Pt
Au
Pb
U

210+ 25
102+ 12

94+ 12
58+ 10
31+7
22+ 4
18+4
17+ 3
15+ 3
11+3

2.2
4,0
5.6

11.8
10.7

6,7
0.7
2.8
2.7
1.9

TABLE I. &-vacancy cross sections from 4.88-6eV
protons.

where Z, is the projectile charge, and E„(=E„E,)--
is the energy of the excited state. The sum over in-
termediate states Q, includes states where the
photon is either emitted first or absorbed first.

The matrix elements depend on the spin of the
particle and other relativistic variables, and the
squaxe of the matrix element must be averaged
over these quantities. For the moment we will
neglect these complications, however, and the
matrix elements may be reduced, using

(p'ie'"'(p) =(2v)'5(k+ (p' —p)/h),
(5)

(p' ~n A e'""~p) =P.A (2v)'5(k+(p' —p)/5)

where P= v, /c.
The first term in Eq. (4) is the Coulomb inter-

action, which exerts a force parallel to q = p-p'
and is therefore called "longitudinal. " The inter-
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action through virtual photons is "transverse" be-
cause the photon fields are perpendicular to q.
Following Fano" and Eq. (5) we find

4»p' IF„(q) I'
I P, G„(q) I

'do„=,' ", +, ' "/ ),], qdq, (6)
n

where p, = p —(p ~ q)q is the component of p perpen-
dicular to q, and

F.(q)= P ( I

"'
~0&,

G„(q) = Q (n
~
5,. e"'i~ 0) .

No interference between the longitudinal and
transverse excitations is present because atomic
states of different parity are excited by the dif-
ferent interactions.

The evaluation of F„(q) is well understood. ' The
evaluation of G„(q) has been done also. When n is
a continuum state, G„(q) can be recognized as the
matrix element for the photoelectric absorption of
high-energy photons. In the spirit of the evalua-
tion of F„(q), nonrelativistic one-electron 1s and
continuum wave functions are used, and we equate
5,. with v,./c = (iE„/hc)r, Fischer" has given

E'„2' Z' exp(2Z/k arctan[2Zk/(k' —Z' —q') ]j
(h c)' 3 [(q'+ Z'+ k')' —2q'k']'[1 —exp(- 2»/k) ]

'

where —,k'=e is the continuum energy and Z is the target atomic charge (elsewhere Z,). To obtain the
total K-vacancy cross section, we need only integrate q from q „=E„/h v = (Ur+ e)/hv to q,„=

~ p ~

=
and over the continuum energy e. Introducing the variables x =q' „/q' and y = k'/Z', we find the trans-
verse excitation cross section after a few manipulations:

o' = 1.6 x 10'P'(Z,'/Z, ')g(qx, P') (barns),

(8)

(9)

g(n, p') = (10)

(1 —x) dx "
dy (1+y) ' exp(2/v y arctan[2~~y/(y —1 —P)])

(1 —p'x)', [(P+ 1+y)' —2yP]'[1 —exp( —2v/~y)]

where g(q, p') is a universal function given by

dv (1+y) ' (1 —x)dx exp(2/W~ arctan[2v y /(y —1 —P)])
(1 —P'x)' [(P+1+y)' —2vP]'[1 —exp( —2v/vy )]

'

with P=(1+y)'/4qxx and qx=(v, /vx)'.
We shall discuss the numerical evaluation of g(qx, P') over a wide range of P' and qx in a. later publica-

tion. Here, we shall concentrate our attention on the case where P'= 1 and the integral over x is strongly
peaked at x = 1. We can approximate Eq. (10) by letting x = 1 for a.ll but the peaking factor, reducing the
double integral to two single integrals:

where P is now (1+ v)'/4qx and y = [1—p' j
' ~'.

We have found numerically that g'(qx) is a slowly
varying function which changes from 5.7 x 10 '
for g~= 1 to 6.6 x 10-' for g~=

Finally, it may be shown that in the limits of

q, ,= 0 or q» = ~, one may evaluate G„(q) by
making the dipole approximation, i.e. , setting
e"'=1. The matrix element is then the same as
that given by Bethe and Salpeter" and, following a
similar analysis, we obtain g'(g~ = ~) = 6.6 x 10 '.
Hence in the dipole approximation, the transverse
cross section is given by

1 t~z = ~a+ ~ac (13)

The longitudinal cross section was obtained using
Khandelwal's" tables and includes screening fac-
tors.

vacancy production. There the two evaluations dif-
fer by 10'/c. To compare with experiment (Fig. 3),
we numerically integrated Eq. (10). Screening
factors' have not been introduced into the evalua-
tion of the transverse cross section, however.

The total K-vacancy production cross section
is given by adding the longitudinal contribution to
the transverse:

ox'= 1.056 x 10' —,', (barns) .
2

(12)
IV. DISCUSSION

For 4.88-GeV protons one can either numerically
evaluate Eq. (10) or Eq. (11) or use the dipole ap-
proximation, Eq. (12). The difference between
Eq. (10) and Eq. (12) is largest for uranium K

Figure 3 shows the ratio of experimental to
theoretical K- vacancy production cross sections
versus the target atomic number. The experimen-
tal cross sections lie a factor of 1.4 to 2.5 higher
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FIG. 3. Ratios of experimental cross sections for
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than the longitudinal cross sections. The trans-
verse excitation contribution clearly brings the
PWBA evaluation closer to experiment, though
perfect agreement is still not obtained. It is
curious that the deviations are more pronounced
for the higher-Z elements where q~ is smallest
and indeed overlaps previous measurements.
Whether this indicates the importance of a relativ-
istic term in (o.Z)" we cannot say.

It has been pointed out that the Bethe approxima-
tion"" agrees quite well with our experimental
results. The Bethe approximation incorporates the
transverse as well as longitudinal contributions,
but is based on the dipole approximation to matrix
elements of e"' and cue"'. The approximation
predicts a ratio of experiment to theory of 1.4 for
Ni and 1.0 for U which is considerably better than
our evaluation. However, the use of the dipole
approximation is probably not justified where

qadi [4qz]' ' is of the order of 0.1—0.5 instead of
0. While the dipole approximation to the trans-
verse contribution is justified [see Eq. (11)], it
is not for the longitudinal contribution. Com-
paring Khandelwal's" universal function

f (qz, 8» 1) for the longitudinal cross section with
the dipole approximation to it, we find serious
disagreements for qr & 5 (Z, ~ 60 for 4. 88-Gep
protons). The matrix element of e"' is smaller
than the dipole approximation; hence, the better
agreement for the high-Z low-q~ elements is
for tuitous.

We have used the PWBA to calculate the trans-
verse excitation contribution to systems other

V. CONCLUSIONS

Cross sections for K-vacancy production by 4.88-
GeV protons were measured, and they disagreed
significantly with the BEA and PWBA predictions.

40 I I I 1111[ I I I illi I I I I I! Ili I I I I I I lii I I I I ill

I20- p+ Sn

~ 100-

80-

~ 60-
b

40-

!

20-

O. I IO IOO

E(GeV)
1000 I 0000

FIG. 4. Very-high-energy behavior of p-i- Sn cross
section calculated by using the PWBA.

than 4.88-GeV protons. Basically, the contribu-
tion is negligible in all heavy-particle data that
have ever been taken. For instance for 30-MeV
p+ Ti, the contribution only increases 0~ by a
factor of 1.00033. The second highest velocity
measurement was made with 160-MeV protons
by Jarvis el al. ' There, the factor ranges from
1.0042 for Ti to 1.0026 for U. These results are
not surprising, since in all of these cases, the
projectile current has p'«1. Hence, the current-
current interaction is expected to be small.

Finally we show how the total PWBA cross sec-
tion behaves at even higher energies. Since the
longitudinal cross section depends only on the ratio
of the projectile velocity to the K electron velocity,
the higher-energy behavior of this cross section is
expected to be constant for E ~ 5 GeV. However,
the transverse contribution rises like the logy';
hence the total cross section also rises. Figure
4 shows the K cross sections for protons on Sn
as a function of kinetic energy up to 10000 GeV.
It is interesting now to return to the point made
by Jarvis et al. ' By comparing proton- induced K
excitation cross sections with relativistically cal-
culated electron- induced K excitation cross sec-
tions, they had previously suggested the kind of
rise that is shown in this curve. The reason the
electron K excitation curve rises is because of the
transverse term. In fact, the behavior of the
longitudinal and transverse contributions in the
electron theory" is qualitatively similar to that
displayed in Fig. 4. The longitudinal part ap-
proaches a constant to high incident electron en-
ergies, while it is the transverse contribution that
causes the cross section to rise.
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We argue that the BEA and PWBA theories of K-
vacancy production are correctly extended to re-
lativistic energies when the correct velocity v,
= pc is used in the scaling parameter (v, /vr)'.
Those theories only account for the interaction be-
tween the static Coulomb fields of the projectile
and target electrons. Besides this, a contribution
due to the interaction between the projectile and
electron currents must be added to these cross
sections.

The transverse interaction between charged
particles and matter has previously been included
in calculations of stopping powers" and K-vacancy
production by incident electrons. " The reason why
it has not been mentioned in connection with E-
vacancy production by protons and heavy ions is
because in all previous measurements of this kind
the incident projectile velocity had p«1, and the
transverse term was entirely negligible. Many

relativistic proton accelerators exist throughout
the world, and we hope that this experiment will
inspire others to more fully examine the contribu-
tion of the transverse interaction to inner-shell
vacancy production.
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