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K -shell x-ray production cross sections were measured for ,Ni(K) in collision with }H ions of kinetic energies 55
to 300 keV, 2H ions of 100 to 300 keV, and #He ions of 200 to 300 keV; for ,,Pd(K) with {H ions of 215 to 300
keV, and for ,,Ag(K) with }H ions of 200 to 300 keV. L-shell x-ray cross sections were measured for ,,Ag(L) in
collision with !H ions of kinetic energies 35 to 300 keV, with ?H ions of 60 to 300 keV, with 3He ions of 110 to
300 keV, and for ,,Au(L) with }H ions of 140 to 300 keV. The collisions conditions were such that the effect of
the projectile energy loss during the ionizing collision became significant for the K-shell ionizations, but
remained unimportant for the L -shell ionizations. The measurements extend the experimental range of the Coulomb-
deflection variable dg s over previous measurements for the shells § = K by a factor ~1.2, and for § =L by a
factor ~2. This permits a decisive test of current theories for the effect of the deflection of the projectile in the
Coulomb field of the target nucleus on inner-shell ionization cross sections.

I. INTRODUCTION

When an atomic projectile (atomic number Z,,
mass M,) penetrates an atom (Z,,M,) such that
Z,<Z,, the projectile can ionize an inner shell
S, with quantum number n,, of the atom even
though its velocity v, is small compared to the
electron orbital velocity v,5. The reasons for
this phenomenon are twofold. First, the kinetic
energy E, =3 M,v,? of a heavy projectile can be
large compared to the ionization energy w,s of the
shell, so that ionization occurs even when v, <v,q,
as long as the relative energy loss in the center
of mass A= w,s(1+M,/M,)/E, of the projectile
in the collision remains <1. Second, inner-shell
target electrons are bound so tightly that their
wave functions at distances ~v,/w,s from the
nucleus have contributions of sufficiently high
momentum for the projectile to transfer the mo-
mentum ¢, =w,s/v, necessary for ionization even
when v, is small compared to the mean orbital
velocity v,g. Atomic units m =Z=e=1 are used
in the following, except when stated otherwise.

If v, <v,g, the important impact parameter ~g,s™
for ionization of a shell S is small compared to the
shell radius a,g, and the projectile encounters the
unscreened charge Z, of the target nucleus. The
distance of closest approach is 2d=2Z,Z,/Mv 2,
in terms of the reduced mass M = (M, +M,™)™.
One can treat the projectile as a point charge
moving on a classical trajectory as long as d is
large compared to the de Broglie wavelength
X,=1/Muv, of the projectile, i.e., as long as the
parameter! '

k=2Z,Z,/v, =4dq,s /A= 2Z n,(v,5/v,) (1)

is large compared to one. The collisions discus-
sed in this paper are such that x >1 always.
Inner-shell ionization can then be described in

22

a semiclassical approximation (SCA). One views
the projectile as a classical charged masspoint
and treats the inner-shell electron quantum
mechanically. The repulsion between the pro-
jectile and the target nucleus causes the projec-
tile to change its velocity and direction during the
collision. This reduces the probability for inner-
shell ionization if compared to what it would have
been in the absence of the Coulomb repulsion.
Following Bang and Hansteen,? one can factorize
the differential cross sections for hyperbolic pro-
jectile trajectories (dog/d&)"®, with regard to the
final energy &, of the expelled shell electron into
a Coulomb-deflection factor and a cross section
calculated for straight-line trajectories (dogs/d&,)",
We write this factor C in the form

hyp

Clday)= GETENT — expl-ndg)Glda), @
where ¢,=(w,s+ &)/v, and dg,<1/v,®. A Coulomb
deflection factor was first introduced by Brandt
et al.? with the discovery of the isotope effect in
inner-shell ionization of Al(K) by !H and 2H ions of
equal velocity. They extracted from Ref. 2 the
factor

C(dqo) = exP(-‘” dqo) ’ (3)

which assumes that G(dg,)~1 in Eq. (2). Subse-
quent calculations in the monopole approximation*
to the projectile interaction with the target nucleus
have led to values of C(dg,) that are significantly
lower than those given by Eq. (2). Yet the data
reported in the literature for K and L shells ap-
pear to agree with Eq. (3),° although they span only
a relatively small range 0 < dg,<1 and scatter
sufficiently to prevent one from drawing firm con-
clusions. The measurements reported here for
the x-ray production cross sections of ,Ni(K),
+Ag(L), and ,;Au(L) nearly double the dg, range.
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This narrows sharply the uncertainties in the
comparison with the theory in approximations
that predict Coulomb-deflection effects differing,
for dq,>1, by as much as an order of magnitude.

II. EXPERIMENTS

We measured the yield Y (E,) of characteristic
x rays of a given shell S emanating from thick
targets under bombardment by particles of kinetic
energy E, from our 300-kV N.Y.U. accelerator. The
x-ray production cross section o5y is deduced from
the experimental values of Y4 (E,) and its variation
with E, as®

_ 4 (dY g (E))
osx(Er)= ny ( dE| x'l,EIS(El)
cosé
1S5y (8)) @

where 7 is the atomic density in the target, Q is
the acceptance angle, and y the efficiency of the
x-ray detector, S(E,) is the target stopping power
for the projectiles of energy E, and u the absorp-
tion coefficient of the target material for its own
x rays. The values of S(E,) were taken from Ref.
7. Both angles between the normal to the target
surface at the beam spot and the beam direction 6,
and the line of sight of the detector to the beam
spot ¢, were set at 45°.

The experimental procedure of thick-target mea-
surements is inherently less precise than the thin-
target transmission technique. The x-ray cross
sections at low projectile velocities are so small
that high beam currents are required for rea-
sonable data collection times. The need for foil
stability and for adequate thermal and electrical
conduction favor the thick-target technique under
such conditions. In fact, thick targets relative to
the projectile ranges were required in our experi-
ments because the energy loss rates at low pro-
jectile velocities are so high that transmission
experiments could not be performed on self-sup-
porting foils.

The choice of target materials was dictated by
the detector efficiency for the characteristic x
rays in relation to the necessity of measuring
cross sections as small as 10™ b with 200-keV
sHe projectiles. Only then could data taken with
iH, 2H, and jHe ions be compared at sufficiently
low and equal velocities. Targets of ,,Ni, ,Pd,
+Ag, and ,,Au were cut from sheets of high purity
(> 99.99% purity) metal and affixed to an electri-
cally and thermally isolated holder in the target
chamber. Carbon deposition by ion bombardment
was held to less than 2 A/h~4x10" ug/h by a
cold shield in contact with liquid nitrogen that
surrounded the target. The target assembly

formed a Faraday cup. Its current was measured
and integrated with uncertainties less than 1%.

A 30-mm? detector recorded the x rays 6 cm
from the target. Various absorbers were in-
serted between the target and the detector to re-
duce background radiation. Their transmission
for the characteristic target radiation was deter-
mined with 1% uncertainty. For example, the
+Ag(L) x rays were viewed through an 18 um
polyethylene absorber with a transmission of 91%
in the relevant x-ray range. In these low-velocity
experiments, the L-shell cross sections are such
that separation into x-ray production probabilities
for the three subshells was impractical, and only
total L-shell x-ray production yields were mea-
sured.

The largest source of uncertainties in ogy de-
rives from the calculation of the slope of Y ¢4 (E,)
with regard to E, according to Eq. (4). The re-
sults are tabulated in Tables I and II. They are

TABLE L. Experimental production cross sections ogx
for the characteristic x rays emitted following K-shell
ionization of ,gNi by }{H, 3H, and $He ions and of 4Pd and
a7Au by {H ions of kinetic energy E;. Division by the
fluorescence yields (Ref. 11) w,(Ni)=0.406, w(Pd)
=0.820, and w,(Ag)=0.831, respectively, gives the em-
pirical ionization cross sections to be compared with
theory. Uncertainties are +25%, except at the two low-
est energies for each ion where they are +50%. The
cross sections are given in units of 1 b=10-24 cm?. Num-
bers in parentheses (z) denote factors 10",

ka(b) of 28Ni(m

E, (keV) H E, (keV) = H
50 100 3.4(-4)  4.2(-6)
55 7.1(=7) 110 6.8(=4)  8.7(~6)
60 2.3(—6) 120 1.2(=3)  1.9(-5)
65 6.7(—6) 130 1.9(-3)  4.3(-5)
70 1.4(=5) 140 3.2(=3)  7.5(-5)
75 2.4(-5) 150 4.3(=3) 1.3(-4)
80 4.4(-5) 160 5.7(=3) 2.0(—4)
90 1.4(-4) 180 1.1(=2) 4.4(-4)
g x(b)
2Ni(K) 4PAK)  Ag(K)
E, (keV) i H 4H i E):
200  1.7(-2) 9.3(-=4) 6.9(~6) 2.8(—6)
210 1.1(-5)
215 8.5(—6) 5.5(—6)
220  2.9(-=2) 1.6(=3) 1.9(=5)
230 1.9(=5) 1.0(-5)
240 4.3(-2) 2.6(=3) 4.7(-5)
245 4.2(-5) 1.9(-5)
260  6.1(=2) 4.0(~3) 8.5(~5) 6.5(=5) 3.5(=5)
275 9.7(=5) 5.9(-5)
280  8.8(-2) 6.1(-3) 1.5(-4)

300 1.3(-1) 8.3(=3) 2.5(—4) 1.7(-4) 1.4(-4)
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TABLE II. Experimental production cross sections 0.y for the characteristic x rays emitted
following L-shell ionization of 4;Ag by iH, 3H, and $He ions and of jsAu by {H ions of kinetic
energy E,. With the fluorescence and Coster-Kronig yields (Ref. 11) one obtains the empirical
ionization cross sections to be compared with theory. Uncertainties are +25%, except at the
two lowest energies for each ion where they are +50%. The cross sections are given in units
of 1 b=10"% cm? Numbers in parentheses (z) denote factors 10",

ax(b)
arAg(L) arAg(L) 19Au(L)
E, (keV) ;! H E, (keV) h:t H $He H
35 1.3(=5) 110 3.8(-1)  2.2(-2)  7.2(=5)
40 9.1(~5) 120 5.9(-1)  3.9(-2)  2.9(—4)
45 4.4(-9) 130 8.2(-1)  6.3(-2)  8.1(-4)
50 1.4(=3) 140 1.1(0) 8.4(~2)  1.7(=3)  4.6(=5)
55 3.4(-3) 150 1.4(0) 1.2(-1)  3.4(=3) 1.1(-9)
60 7.2(=3)  2.1(-4) 160 1.9(0) 1.6(-1)  6.6(=3)  2.4(-4)
70 2.7(=2)  7.5(~4) 170 4.9(-4)
80 5.9(-1)  2.0(=3) 180 2.8(0) 2.8(-1)  1.7(-2)
90 1.2(-1)  5.4(-3) 185 9.7(—4)
100 2.4(-1)  1.1(-2) 200 3.6(0) 4.3(-1)  3.4(-2)  2.1(-3)
215 4.1(-3)
220 4.8(0) 5.9(-1)  5.9(-2)
230 6.9(-3)
240 6.1(0) 7.9(-1)  9.4(-2)
245 1.1(-=2)
260 7.2(0) 9.8(-1)  1.5(-1)  1.7(-2)
275 2.6(=2)
280 9.0(0) 1.3(0) 2.3(-1)
300 1.1(1) 1.6(0) 3.4(-1)  4.9(-2)

uncertain to within +25% except at the lowest en-
ergies where the error bars are +50%. The low-
est-energy values are less certain because the
measured background became a significant frac-

- tion of the observed x-ray spectrum. The col-
lection time for the yield data at the two lowest
projectile energies exceeded the time to complete
all the other measurements in the series. The
following discussion focuses on the , Ni(K) and
47Ag(L) data.

Our results for the ,,Ni(K) x-ray production
cross sections by protons are represented by
closed symbols in Fig. 1. They agree with
earlier measurements® (open symbols) and ex-
tend them to some two orders of magnitude
smaller cross sections at velocities so low that
v,/V,x= 3. The dashed curve depicts the pre-
diction of the theory for inner-shell ionization
cross section in plane-wave Born approximation
(PWBA). The solid curve represents the theory
labeled ECPSSR. 5'° It includes the effects of the
energy loss (E) and Coulomb deflection (C) of the
projectile in the collision. The theory takes into
account the response of the target to the projectile
in the form of perturbed stationary states (PSS) in
the atom,!® and incorporates relativistic (R) attri-
butes of the target wave functions in the proximity
of the target nucleus. For the comparison with

experiment, the theoretical ionization cross sec-
tions were multiplied by the x-ray fluorescence
yield'! wg(,sNi)=0.406.

Rather than plotting separately the data mea-
sured with ?H and jHe, we show them in Fig. 2
in the form of cross section ratios. The upper
set of ratios exhibits the isotope effect in ,Ni(K)
ionization. At equal Z,, the mass dependence of
the energy loss and the Coulomb deflection of iso-
topic projectiles dominates the cross section ra-
tio. In the present measurements, the ratio
reaches values larger than ten, which exceeds all
previous measurements of the isotope effect. The
lower set of ratios demonstrates PSS in the form
of the binding effect,®'!° because the Coulomb-de-
flection effects essentially cancel for particles of
equal Z,/M, and v,. Referring to Fig. 1, we note
that the display in Fig. 2 covers cross sections
that change by four orders of magnitude for the
2H data and by two orders of magnitude for the ;He
data. The dashed line at one in Fig. 2 represents
the PWBA prediction for all ion velocities. The
solid curves are ratios calculated on the basis of
the ECPSSR theory. They are in close agreement
with the experimental ratios over this range of
projectile velocities. The 2H/}H cross section
ratios appear somewhat low. Whether these dif-
ferences are real is difficult to say, especially at
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FIG. 1. K-shell x-ray production cross sections in
nickel by protons. The data are from Ref. 9 (open sym-
bols) and Table I (closed symbols). The uncertainties
in our data are +50% for the two lowest values and +25%
for the others. The curves represent ionization cross
sections calculated for the PWBA (dashed curve) and the
ECPSSR theory (solid curve) and multiplied by the fluo-
rescence yield (Ref. 11) w,(Ni)=0.406.

the smallest E,/M, values where the ratios are
uncertain within a factor of ~2.

To test the applicability of the ECPSSR theory®
in a domain where relativistic effects are expected
to be important, we measured the x-ray production
cross sections for ,Pd(K) and ,;Ag(K). The re-
sults given in Table I agree, within experimental
uncertainties, with the ECPSSR theory. The total
L-shell cross sections measured with protons for
+Ag(L) x-ray production are shown in Fig. 3. They
agree with the data by Shima et al.'?> and extend
them by four orders of magnitude to lower values.
The curves have the same meaning as in Fig. 1. The
Coulomb-deflection and binding effects for ,,Ag(L)
are even more pronounced than for ,,Ni(K), and
are in excellent agreement with the ECPSSR theory
as seen in Fig. 4. Note that for silver, at E,/M,
=35 keV/u corresponding to velocities such that
v,/v,, = 3, the ratio 6,y(?H)/0,x(}H) reaches the
unprecedented value of 50.
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@ THIS WORK
i ---- PWBA |
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N
~
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e r s - —————
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FIG. 2. The isotope effect oxy@H)/oxy(}H) and the PSS
effect oyy(3He)/40xx(¢H) in the K-shell jonization of
nickel. The data are from Table ]. The PWBA (dashed
line) predicts the ratio 1. The ECPSSR theory is repre-
sented by the solid curves.

III. COULOMB DEFLECTION

The main purpose of this investigation was to
acquire experimental data that can decide between
predictions of the Coulomb-deflection effect in
three approximations. As a recent compilation
demonstrates (Ref. 5, Figs. 3 and 4), published
data extend only to dg,s~1 for S=K and L, scat-
ter widely, and may even bifurcate so as to follow
distinct predictions for the Coulomb-deflection
factor that differ by as much as an order of magni-
tude. The present measurements provide sets of
data obtained with }H, %H, and {He ceteris paribus
that extend the range of dg,, by a factor of 1.2 and
of dq,, by a factor of 2.3 At these limits the
Coulomb factors based on Eq. (3) and on the mono-
pole approximation discussed presently differ by
several orders of magnitude.

Numerical calculations in the monopole approxi-
mation to the projectile-target interaction by
Brunner, and then by Kocbach,* yielded values of
G =G,(dg,) in Eq. (2) that fall below G=1, Eq.

(3), with increasing dg,. Following Amundsen,'*
one can separate the atomic form factor from the
Bang-Hansteen matrix element for ionization.
One obtains for the monopole approximation the
expression’®
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FIG. 3. L-shell x-ray production cross sections in
silver by protons. The data are from Ref. 12 (open sym-
bols) and Table II (closed symbols). The curves repre~
sent ionization cross sections calculated for the PWBA
(dashed curve) and the ECPSSR theory (solid curve), and
converted to x-ray production cross sections with the
fluorescence and Coster-Kronig yields of Ref. 11.

Goldan) = (44 3y Kuaas ) |) (5)

where K,,(y) is the modified Bessel function of
imaginary order ix. Tables of the function G, and
the resulting monopole Coulomb-deflection factor
C,s (dg,s) for the cross sections based on Eq. (5)
have been computed. !> With G=1, as subsumed
in Ref. 3 and Eq. (3), integration over &, yields
the Coulomb-deflection factor for the ionization
cross section of shell S, in terms of the exponen-
tial integral E(x) of order m, as

Cs(dqos)'—" VEvu(W dqos) ’ (6)

where v=9 for S=K, L, and v=11 for S=L,, L,.
Equation (6) is remarkably successful in predicting
experimental findings. In particular, it accounts
for the isotope effect illustrated in Figs. 2 and 4,
and describes most data that have accumulated in
the literature. A recent quantum-mechanical
formulation predicts C¢(dg,s), without any expan-
sion of the perturbing potential.'® It agrees within
a factor of 2 with Eq. (6) and is even larger than

T T T | T T

L 47Ag (L) 1
O SHIMA etal. (1971)
@ THIS WORK
I - PWBA ]
—— ECPSSR

ol 1 L 1 1 ] 1
20 40 60 80 100 120 140 160

E,/M, (keV/amu)

FIG. 4. The isotope effect o, y({H)/o . }H) and the
PSS effect o,y($He)/40,5GH) in the L-shell ionization of
silver. The data are from Ref. 12 (open symbols) and
from Table II (closed symbols). The PWBA (dashed line)
predicts the ratio 1. The ECPSSR theory is represented
by the solid curves.

Eq. (6) when dg,s<1.4. When PSS effects and the
energy loss (E) by the projectile in the ionizing
collision are taken into account, the Coulomb-
deflection factor in all three versions discussed
here is reduced further and becomes®

B_ 2dg,s¢s )
Y —Cs(-““'—zs(1+zs) , (m

where the factor ¢s accounts for the perturbed
stationary-state effects® and 25=1 - fsw,sM,/ME,
denotes the fraction of the initial projectile ki~
netic energy remaining after the collision.

For the purposes of a comparison of our data
with the theory in these three approximations, we
prepare a semiempirical Coulomb-deflection factor
by dividing the experimental ionization sections
o5 ag deduced from og x; by the theoretical ion-
ization cross section o§?S5R calculated in the per-
turbed stationary state (PSS) approximation for a
straight-line trajectory, but including energy loss®
(E) and relativistic effects® (R). The results are
shown in Figs. 5 and 6. The closed symbols in
Fig. 5 are the present data for ,,Ni(K). The open
symbols are the results of a statistical analysis®
of some 265 earlier K-shell measurements with
protons on various targets listed in Ref. 5. The
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FIG. 5. Coulomb-deflection factor Cy for K-shell
ionization versus m{(dq)ox, Where (dq)oy=dgoxtyl2/z(1
+ zy)] incorporates the effects of PSS and energy loss
into the argument of Cy. Semiempirical values are
based on the new data (closed symbols) given in Table I.
Values deduced from literature data (open symbols) are
as compiled in Ref. 5 and analyzed in Ref. 9. The curves
represent Eq. (6) (solid curve), the monopole approxi-
mation (Refs. 5 and 15) (dashed curve), and a quantum-
mechanical calculation!® (dot-dashed curve). The locus
of the points agrees with Eq. (6).

three curves give the calculated Coulomb-deflec-
tion factors based on Eq. (6) (solid curve),® on the
monopole approximation (dashed curve),®*® and the
quantum-mechanical treatment (dot-dashed

curve). '® Figure 6 makes the same comparison
with theory of our proton data on ,,Ag(L) and
sAu(L) (closed symbols) and all other L-shell
data found in the literature for ndq,, >0.75,as

10° - T T T T T T -
NP ——— BRANDT, LAUBERT, SELLIN (1966)
B - — - LAPICKI, LOSONSKY (1979)
\ N — ——~~BRANDT, LAPICKI (1979)
L \\ 4
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N

0 ] 2 3 4 5
m<dq >o|.

FIG. 6. Coulomb-deflection factor C for L-shell
ionization versus m{dq)oz, Where {(dg) o, =dqo.t [2/2;(1
+ z;)] incorporates the effects of PSS and energy loss
into the argument of C;. Semiempirical values are
based on the new data (closed symbols) given in Table II.
Values taken from literature data (open symbols) are
as compiled in Ref. 5. The curves represent Eq. (6)
(solid curve), the monopole approximation (Refs. 5 and
15) (dashed curve), and a quantum-mechanical calcula-
tion (Ref. 16) (dot-dashed curve). The locus of the
points agrees with Eq. (6).

collated in Ref. 5.

We conclude that the Coulomb-deflection factor
in the approximation Eqs. (3) and (6) agrees with
all experimental K- and L-shell ionization cross
sections over the wide range of the variable dgg
now tested. When the comparison is based only on
the monopole approximation, Eqs. (2) with (5), the
theory predicts cross sections that are more than
an order of magnitude smaller, at the lowest ion
velocities investigated, than those based on Eq.

(6) and the experimental values. There is need for
theoretical clarification of these observations.

*Present address: Department of Chemistry and Physics,
Northwestern State University of Louisiana, Natchi-
toches, Louisiana 71457.

fPresent address: Department of Physics, East Caro-
lina University, Greenville, North Carolina 27834.
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