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Atomic collisions with relativistic heavy ions: Target inner-shell ionization

R. Anholt, W. E. Meyerhof, Ch. Stoller, E. Morenzoni, S. A. Andriamonje, t

J. D. Molitoris, and O. K. Baker
Department ofPhysics, Stanford University, Stanford, California 94305

D. H. H. Hoffmann
Geselischaft fiir Schwerionenforschung, Darmstadt, West Germany

H. Bowman, J.-S. Xu,~ Z.-Z. Xu,& K. Frankel, D. Murphy, K. Crowe, and J. O. Rasmussen
Nuclear Sciences Division, Lawrence Berkeley Laboratories and The University of California, Berkeley, California 94720

(Received 23 May 1984)

Target E-vacancy and L-x-ray production cross sections in collisions with relativistic (82—670-
MeV/amu) heavy ions ranging from Ne to U are measured and compared with atomic theories of
inner-shell ionization based on the plane-wave Born approximation. Because the counting methods
used are unique in atomic physics, careful studies of experimental uncertainties are made. Correc-
tions to the measured cross sections due to x-ray pileup and secondary interactions in the solid tar-
gets are also discussed.

I. INTRODUCTION

In the present series of papers, we explore the gross
features of x-ray production in relativistic heavy-
ion —atom collisions. Projectile and target K-x-ray pro-
duction have been explored thoroughly at low energies,
and interpreted. using the molecular model of slow ion-
atom collisions. ' In this model, the target and projectile
atomic X orbitals combine in near-symmetric collisions
forming the 2po and 1scr diatomic molecular orbitals
from which electrons are excited, and the resulting vacan-
cies correlate to the projectile or target E shells or are
shared between the two E shells according to the relative
asymmetry between the two collision partners. The re-

sulting plots of projectile and target E-vacancy produc-
tion cross sections (Fig. 1 for 2.4-MeV/amu Xe ions)
show considerable structure, which has been successfully
interpreted using this model.

Roughly speaking, the molecular model is valid if the
ratio of the ion velocity to the separated-atom projectile
(Z~) or target (Z, ) E-electron velocity v/vs ——P/Za is
less than approximately unity, where P=v/c, a is the
fine-structure constant, and Z =Z, or Zz. In the present
papers, we report measurements where P ranges from 0.3
to 0.7 and Za ranges from 0.2 to 0.8, so that velocity ra-
tios close to or exceeding unity are used. Until now, no
systematic studies of E-x-ray production in high-Z rela-
tivistic heavy-ion —atom collisions have been done. Only
a few studies of target E-vacancy production using 160-
MeV protons, 4.88-6eV protons, and 250-MeV/amu C
ions have been made.

A preview of the results, shown in Fig. 2 for 197-
MeV/amu Xe ions, indicates that the structures seen in
the low-velocity measurements are completely absent at
these high energies. Interpretation with the molecular
model is no longer possible, so we turn our attention to
atomic models of inner-shell vacancy production. The
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FIG. 1. Projectile (L and Q) and target (~ ) EC-vacancy pro-
duction cross sections in 2.4-MeV/amu Xe collisions (Ref. 1).
In these low-velocity collisions, electrons are excited from dia-
tomic 1so. and 2pcr molecular orbitals during the collision. 1so.
vacancy production is seen in regions (i), and 2pcr vacancy pro-
duction is seen in regions (ii). The 2pcr vacancies are shared be-
tween the heavier and lighter collision partners in region (iii).
Contributions due to 3dcr vacancy sharing are seen in region
(iv). Dashed vertical line indicates symmetric collisions.
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FIG. 2. Target E-vacancy (~ ) and projectile E-x-ray (1)
production cross sections in 197-MeV/amu collisions. The
structures due to molecular excitation, seen in Fig. 1, are entire-

ly absent in these collisions.

lung, and primary bremsstrahlung. Only a few, nonsys-
tematic, studies of these processes were possib1e at low
projectile energies, because the continua are relatively less
intense, though they interfere with molecular orbital x-ray
continuum measurements at low ion velocities. '

A further paper considers projectile E-x-ray formation.
This is the most complicated subject because projectile
E-x-ray formation requires a knowledge of projectile ioni-
zation, 1s-2p and 1s-3p excitation, and radiative and non-
radiative electron capture. Among these, the least well
understood process is nonradiative capture. The solution
of time-dependent differential equations for the gain and
loss of projectile electrons as the ion moves through solid
targets, and the simultaneous production of projectile E x
rays and radiative-capture photons, gives direct informa-
tion on the charge state of the projectile in matter. Usual-
ly only ground-state-configuration gross projectile charge
states are obtainable by magnetic charge-state analysis
behind the targets, as discussed in another paper. Some of
the arguments used in this series of papers are circular.
The evidence derived from this paper points to the validi-

ty of using atomic ionization cross sections in part to
derive the charge states of the projectile inside the target.
However, target II' vacancies can also be made by the cap-
ture of electrons into empty projectile E and L shells.
After obtaining the projectile charge states, we return to
the subject of target E-vacancy production.

II. EXPERIMENT

target E-vacancy production cross sections can be predict-
ed using the plane-wave Born approximation, and atomic
ls and continuum wave functions. Binding and po-
larization effects, which are understandable in the molec-
ular model, ' have only a minor influence on these cross
sections, despite the fact that the relative atomic numbers
used exceed the theoretical limitations of these theories.
Projectile K-x-ray production is more difficult to interpret
since the projectile can be nearly fully stripped in these
collisions. Atomic theories of 1s-2p excitation, electron
capture, and projectile E-shell ionization are used to inter-
pret these data in a later paper in this series.

The present paper outlines the experimental methods
used and examines target I%:-vacancy production. One
motivation for these studies is the possible application of
high-energy heavy ions to spark D-T fusion reactions. "
Related questions of importance concern the stopping
power (heat release) of high-Z heavy ions in matter and
the relative amount of energy released by x rays, which
can cause destructive preheating in high-gain fusion tar-
gets. As target E-vacancy production not only results in
x-ray emission, but is a contribution to the total stopping
power of an ion, the present studies bear on both of these
topics. Few stopping powers for relativistic heavy ions
have been measured. If disagreement with the atomic
stopping-power theories occurs, the most affected contri-
bution is liable to be from the innermost shell.

Another paper of this series considers other radiative
processes seen in relativistic heavy-ion —atom collisions:
radiative electron capture, secondary electron bremsstrah-

The counting apparatus used has evolved during the
course of these measurements and, consequently, the rela-
tive experimental uncertainties have decreased. Two limi-
tations of the Lawrence-Berkeley-Laboratory BEVALAC
should be realized: (1) small beam currents ( &10 parti-
cles per sec, and typically —10 per second) are obtain-
able, and (2) the beam is not well focused and cannot be
collimated except for the heaviest ions at the smallest ve-
locities. Attempted collimation generally leads to projec-
tile fragmentation in the edges of the collimator, which
leads to a shower of unstoppable lighter ions.

Consequently, we employed an "electronic collimation"
method. The apparatus, shown in Fig. 3, counted coin-
cidences between x rays and particles seen in two aligned,
thin (&800 p, m) transmission mounted silicon surface-
barrier particle detectors placed on either side of or both
behind the target. A required triple coincidence assured
that the x rays were emitted from a -2-cm-diam spot in
the middle of the target; x rays coming from stray parti-
cles missing one or both particle detectors were not count-
ed; particles not hitting both detectors could not make
coincident x rays nor be counted in a sealer. Therefore, in
this apparatus there is no (uncertainty in the particle num-
ber normalization. The coincidence counting was done
with standard fast-slow timing techniques. A generated
gate signal from the time-to-amplitude convertor when
the x rays and particles were in coincidence allowed x rays
from a 75-mm Si(Li) detector (for low-energy x rays) or a
1000-mm Ge(i) detector (for high-energy x rays) to be
counted in a multichannel analyzer or PDP 11/45 com-
puter. Since a broad band of x rays was measured and the
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and JM is the x-ray attenuation factor for the x ray of ener-

gy E„ in the target material. ' The x-ray yield is given by
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FIG. 3. Simplified schematic diagram of the experimenta]
apparatus. Abbreviations: coincidence (COINC), multichannel
analyzer (MCA), analog-to-digital convertor (ADC), computer
(COMP), and scalers (SC).

true-to-random-coincidence ratio was enormous, no at-
tempt was made to improve the —100-nsec full width at
half maximum (FWHM) timing resolution. Although the
x-ray and y-ray room background in the BEVALAC ex-
perimental areas was -50 Hz, the particle coincidence
condition eliminated virtually all room background.
Several other downstream, thin, large-area (-50 cm ),
plastic-scintillator detectors, one with a hole approximate-
ly equal in size to the silicon detectors and aligned with
them, were used to monitor the beam-focus quality. An
excellent beam focus (never achieved) is one in which the
number of silicon-detector coincidences is equal to the
counts in the plastic detector, and the hole detector shows
zero particles.

Self-supporting —30-cm metal foil targets with
thicknesses between 5 and 100 mg/cm were used. The
use of these thicknesses assures that the projectile has an
equilibrium charge state on the average, the projectile en-
ergy loss in the target is negligible, and reasonably quick
measurements with the low beam current obtained from
the BEVALAC could be done. Unfortunately, with these
relatively thick targets, pileup effects and secondary target
interactions are present, which are discussed in Sec. III.

The counting dead-time factor D =p;„/p, was moni-
tored by triggering a number of pulses (p;„) into the x-ray
detectors in proportion to the particle counting rate and
comparing with the number counted (p, ) in the mul-
tichannel analyzer or computer.

The x-ray cross section is obtained from the x-ray yield
per projectile F„using

L =
I 1 —exp[ p(E~)T]J, —1

p(E )T (2)

o„(E„)=
n2TL

where n2 is the target-atom density, T is the target thick-
ness traversed by the projectile, L accounts for the x-ray
self-absorption factor in the target tilted at 45', with the
x-ray detector at 90' from the beam axis,
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FIG. 4. Relative target EC-x-ray cross sections measured in
197-MeV/amu Xe+ Ag and 422-MeV/amu U+ Au collisions.
In (a) the particle rate was varied to obtain dead-time correction
factors between 1.05 and 2.5. The cross sections are nearly in-
dependent of the dead-time correction, giving an average value
17.2+0.46 (+2.7%). In (b), the beam focus, measured by the
relative number of particles counted by the plastic-scintillator
detector with a hole aligned with the particle detectors, was
varied, and the resulting cross sections are also approximately
equal, within a standard deviation of +5%.

where eQ„ is the efficiency and geometrical solid angle
(fraction of 4m sr) subtended by the relevant x-ray detec-
tor. This quantity was measured with radioactive sources
with the detector in place and includes the attenuation by
the chamber window (250-pm Mylar), air, and an Al ab-
sorber (500 pm) on the Ge(i) detector.

Careful studies were made of the experimental uncer-
tainties associated with this counting technique. To test
whether the dead-time correction works properly, we mea-
sured Ag K-x-ray production in 197-MeV/amu Xe+ Ag
collisions, varying the BEVALAC particle current to ob-
tain dead-time corrections D between 1.05 and 2.5. The
resulting cross sections were equal to within 2.7% [Fig.
4(a)]. We also assured that the measured cross sections
are insensitive to the quality of the beam focus. The ob-
tained reproducibility uncertainty, +5% in Fig. 4(b),
shows no correlation with the beam-focus quality, mea-
sured by the ratio of the number of counts on the hole
detector to the number of Si-particle-detector coin-
cidences. Further checks were obtained by comparing
cross sections measured with the Ge(i) and Si(Li) detec-
tors where overlap occurred (40& Z«70). Earlier mea-
surements using Kr and Ne ions (and two rejected 120-
and 190-MeV/amu Xe measurements) showed poorer
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TABLE I. Experimental uncertainties. Experiment I: 425-MeV/amu Kr, 670-MeV/amu Ne. Ex-
periment II: 82- and 197-MeV/amu Xe, 175-MeV/amu La, and 422-MeV/amu U.

Expt. I Expt. II
Appearing in

o.p(Z, )

der�/d

0
Reproducibility
Target angle
Target thickness
Detector efficiency
Statistics, background

+30
+8
k3

+10
variable

+5
k2.5
k3

+10

yes
yes
yes
yes
neg.

yes
yes
yes
yes
yes

yes
no
no
k3
yes

yes
yes
yes
no
neg.

Net (except statistics)

'Not done.
All numbers in percent.

Expt. I:
Expt. II:

+32
+12

+32
+12

a
+6

+30
+6.3

reproducibility, possibly due to inferior electronic
hardware.

Other uncertainties included that in the target thick-
ness, obtained by weighing -30-cm targets, and measur-
ing the corresponding area. The target thickness unifor-
mity is not known, but since a large fraction (-30%) of
the target area was used, we assume no uncertainty in the
uniformity. The uncertainty in the target angle with
respect to the beam axis, measured by reflecting laser light
from stainless-steel targets placed on the target holder in
later measurements, was approximately +1.5', giving an
additional +2.5% uncertainty in the target thickness or
cross section. The uncertainty in the detector efficiency
and geometry calibration is approximately +10%. The
statistical uncertainties are negligible for measurements of
target K x rays where the x-ray continuum background is
relatively smaller. For the weaker projectile K x rays and
the radiative-electron-capture photons, these errors were
more significant. Table I summarizes these uncertainties
for experiments I (using Ne and Kr ions) and II (using Xe,
I.a, and U ions). In this series of papers, four kinds of
measurements are described: measurements of the Z,
dependence of target [o(Z, )] and projectile [o(Z~)] E x
rays, E vacancies, radiative-capture photons, or continua;
relative measurements of x-ray and radiative-capture-
photon angular distributions do/dQ (where the uncer-
tainty in the fixed target angle and thickness is unimpor-
tant, and where the detector efficiency and geometry is
known relatively to +3%); and relative measurements of
the target thickness dependence [o,(T)] (where detector
efficiency and geometry uncertainties are unimportant).
The net uncertainties in these measurements, excluding
statistical ones, are also given in Table I.

III. CORRECTIONS TO TARGET
E-VACANCY PRODUCTION

A. x-ray pileup

Figure 5 shows an x-ray spectrum seen in 197-
MeV/amu Xe + Tb collisions. Besides the Xe Ea and Tb
Ea and EP x rays and a steeply falling continuum spec-
trum (discussed in a later paper), sharp lines due to the
electronic pileup of two target Ea x rays or a Ea and a
EP x ray are seen. The origin of this electronic pileup at
peak beam particle rates of & 10 Hz at first was difficult

to comprehend. Measurements showed that the ratio of
the intensity of the pileup peaks to the Ea peak is in-
dependent of the beam current as it varied by a factor of
10 [Fig. 6(b)]. The ratio is proportional to the target
thickness, however [Fig. 6(a)].

It should be realized that a single 197-MeV/amu Xe ion
in a -70-mg/cm target creates -70 Ag E x rays. With
a detection efficiency eQ„=10, we detect a fractional
yield P equal to 0.07 photons per projectile. The probabil-
ity of two photons simultaneously striking the x-ray
detector and giving a pileup peak is P . The expected ra-
tio of the peak areas is therefore P2/P =0.07. The num-
ber of photons per projectile P and hence the pileup peak
ratio increases linearly with T until the self-absorption
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FIG. 5. An x-ray spectrum for 197-MeV/amu Xe+ Tb col-
lisions and the calculated pileup spectrum (dashed line).
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large errors are incurred in this approximation.
These corrections are seen in the target-thickness

dependence of Ag and Ta K x-ray production in Fig. 7.
The Ineasured cross sections, proportional to P~, appear
to decrease with target thickness. Addition of the indivi-
dual pileup peaks to the Ag Ea intensity gives a nearly
target-thickness-independent cross section. Correction us-
ing the total emission probability gives a cross section that
increases with target thickness.

These pileup corrections were made for all of the data
presented in this series of papers, since it likewise affects
projectile X-x-ray and REC cross sections. In general,
however, the corrections are negligible in collisions with
low projectile atomic number (e.g., Ne collisions) and low
target atomic number.

0.07 —.
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0.06 I I

0 5 Io
RELATIVE PROJECTILE RATE

FIG. 6. Ratios of the intensity of the target Ku-Xa and
Ka KP pileup pea-ks to the target Ka x-ray intensity versus tar-
get thickness (a) and the relative projectile rate (b).

factor L in Eq. (2) becomes significantly less than unity,
as shown in Fig. 6(a). Since each projectile has the same
probability for producing this pileup, the pileup peak ratio
is independent of beam current, as shown in Fig. 6(b).
The pileup rejectors used with the x-ray detectors have no
effect on the pileup peak intensity since they cannot
resolve x rays arriving less than 100 nsec apart, and the
photons originating from the. same projectile arrive less
than one psec apart.

To correct for this pileup we could add the pileup peak
counts to the Ka counts, but this only corrects for the
target Ka-Ka and Ka KP pileup. -The Ka photons pile-
up on continuum and other photons also (giving the es-
timated dashed curves in Fig. 5 as described in a later pa-
per). The total probability of detecting an x ray for every
projectile is

00 dgP„,= dE„n2 LTeQ„,
o " dE

B. Secondary target interactions
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Target K-shell ionization can occur as the result of
secondary and tertiary processes, ' shown in Fig. 8. A
-200-MeV/amu heavy ion can elastically scatter any tar-
get electron in a binary encounter, producing ionized elec-
trons with kinetic energies up to E,„=400 keV. These
electrons can ionize X-shell electrons in other nearby tar-
get atoms (process 1) or they can emit bremsstrahlung
photons in secondary collisions with other target atoms
which can be absorbed photoelectrically in still other
target-atom K shells (process 2).

The relative cross section for process 1 is given by

which is approximately equal to the total number of
dead-time-corrected counts in the x-ray spectrum divided
by the total number of particles. The probability of
detecting a ECa x ray without pileup is

P' =P~(1—P„,),
where the quantity we wish to obtain is the total number
of Ka x rays proportional to P~ instead of the number
showing no pileup, proportional to P'. Division of P~ by
1 —P„, gives the desired quantity.

We evaluated expression (4) by using the measured
probability Pt« instead of P«, . The quantity P «ctn-o
tains some events where two photons are counted as one.
The difference between P«, and P,'„ is small, however,
and since the net correction 1 —P,', is greater than 0.9, no

80
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50 I 00
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FIG. 7. Target-thickness dependence of Ag and Ta Ka x-ray
production in 197-MeV/amu Xe collisions. Corrections to the
original data (0) were made by adding the intensity of the
discreet Ka Ea and Ka KP pileup p--eaks (~), or multiplying
by (1—P,'„) ' as in Eq. (5) (+ ). The calculated target-
thickness dependences for process (1) (dashed line) and for pro-
cesses 1 and 2 (solid line) are shown.
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K

is the average ionization potential, ' I' is the smaller value
of the K-shell binding energy or the energy of the electron
emerging from the target through a thickness T„given
b 15

secO, tanOz.
T„=(T—x)

~

tanHT —tan8„cosg
~

6z is the target angle, 8„ is the electron recoil angle classi-
cally related to its energy by

2Ee =Emax cos r ~ (9)

XK

Ettt,„=2y p mc, and y and p are the projectile relativis-
tic energy and velocity parameters. For pure elastic
scattering in the binary projectile-electron encounter, the
elastic scattering cross section neglecting McKinley-
Feshbach terms' is given by

dtr, &„(Z~e )2

mcP E,
(10)

FIG. 8. Primary and secondary processes 1 and 2 for produc-

ing target K vacancies.

4nen2 . 2y, P,mc

mc p,
p2

p, is the relative electron velocity, y, = 1+E,/mc, (I)
I

Zt max &tt d crehs

ox(Zp) ~Ux ' Io dE, dg

r dx ~ dE'
X E

— n2crg E,', 6
T Ee S(E,' )

where S(E,' ) is the stopping power of the electron in the
target given by the Bethe formula'4

for E, &E,-„. For the K-shell ionization cross section
for electrons ox(E, ) and. the projectile tTx(Z~ ), we use the
Bethe approximation discussed in Sec. IV.

The evaluation of the quadruple integral in Eq. (6) is
tedious, but relatively precise. Errors incurred by using
the approximate Bethe cross section for K-shell ionization
should cancel out. Incorporation of the Fermi motion of
the target electrons into the elastic cross section should
have little effect at these high energies. The relative
corrections b,ox/coax are less than -0.2 which is not
much greater than the experimental uncertainties. For in-
finitely thick targets (F is always equal to Ux), an ap-
proximate analytical formula can be derived which agrees
well with our numerical results.

The cross section for process 2 is more difficult to
evaluate precisely. Assuming that all bremsstrahlung
photons are emitted in the forward direction (parallel to
P, ) we have

hox. Zt p
o (Z)" x

d tre&as
E, d

dE, dg

r dx + dE e

0 T E g E' Ug
E„

stot(E )

where the bremsstrahlung cross section is given by the
Bethe-Heitler formula with the Elwert correction fac-
tor' ' and p~ and p«, are the E-shell and total pho-
toelectric absorption cross sections' for the photon of en-

ergy E„emitted through the remaining target distance
T„—T,(E,' ), where T, is the distance the electron travels
before bremsstrahlung scattering. This equation is not
only less precise than Eq. (6) because of the uncertainty in
the remaining distance the photon travels, but because the
uncertainty in the X-shell ionization cross section does
not cancel out.

Figure 9 shows calculations of the relative corrections

X(1—expI —p, „t(E„)[T,—T, (E,')]) ),
I

for 200-MeV/amu ions on several different targets. The
bremsstrahlung process is most important in high-Z tar-
gets. The relative cross section for process 2 increases fas-
ter with target thickness at low thickness, and reaches sa-
turation (the infinite-target-thickness value) at lower
thicknesses in low-Z targets and higher ones in high-Z
targets. These dependences are also seen in Fig. 7 for
197-MeV/amu Xe+ Ag and Xe+ Ta collisions where
the relative corrections are normalized at the smallest tar-
get thickness. Most of the targets used in this work were
near the saturation thickness; the steepest rise in the
dependence is below the lowest thickness in Ag and below
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a is the Dirac matrix operator, and P, and P&, are target-
atom continuum and ls wave functions. Evaluation of
these equations has been done by Khandelwal et al. and
Rice et a/. for the longitudinal term involving F, and
by Anholt [Eq. (24) of Ref. 7] for the transverse term in-

volving G,
For the relatively high projectile velocities used in this

work, it is possible to use a version of the Bethe approxi-
mation to calculate L-shell ionization cross sections.
Since the approximate magnitude of q r in the longitudi-
nal and transverse matrix elements is smaller than unity
on the average, we can use

F.(q) =iq. &~t.
I

r
I @i.&

FIG. 9. Calculated relative increase in the target K-vacancy
production cross sections with the target thickness traversed by
the beam for processes 1 and 2 in 197-MeV/amu collisions.

at least the two lowest thicknesses in Ta. We hoped to
calibrate the accuracy of the correction factor for process
2 using the experimental data, but the relatively large ex-
perimental uncertainties prevented this. For Ag, the data
and calculations agree best where process 2 is neglected.
Only one point in Ta supports the magnitude of the
correction factor for process 2.

The quantities we wish to extract are the cross section
at zero target thickness given by,

r

Aox(T)+ b.cd(T)
ox» ore» (1—P——t,t )

' 1+

(12)

and

G.=&A. l F14'~. &=iq .P&0" I
r

I ki. & .

(15)

2mc 1 p p2
Ux

(16)

In theories of electronic stopping power the sum over ex-
cited states (integral over e) contains the energy loss
Ux+e for each state which, combined with the squared
dipole transition matrix element, is the oscillator strength
that sums or integrates to unity. ' For the K-shell cross
sections, we cannot use this convenient fact. Instead we
relate the dipole matrix element to the E-shell photoelec-
tric cross section using

Then, setting q;„=Ux./Pc and q,„=+2', we ob-
tain'

4m(Zpe ) f

The difference between the cross sections calculated with
and without process 2 is negligible compared with the rel-
ative experimental uncertainties in Fig. 9, and even more
negligible with respect to the larger absolute uncertainties.

IV. THEORIES OF TARCJET
EC-VACANCY PRODUCTION

In the plane-wave Born approximation, the K-shell ion-
ization cross section per electron is given by '

8m(Zqe )
g~ = dE'

mc p

Us&
oKPE oEPE( UK )

Use+ &

n

the integral over e is easily done, so we obtain

4'(Zp a ) 0'xpE( Ux )

P (2') an

2mc pP
&E:

oKPE (2~)'o(Ux+e)
I &0. 1

r
I

I~'i. & I

' .

Since o.gpE varies as

(17)

(18)

~max F& q ) q q2 G 2

qdq +
&min 4 (q' —q';. p')'

where e is the kinetic energy of the ionized electron,
q~;„=(Ux+e)/pc is the minimum momentum transfer,
Ux is the IC-shell binding energy, q,„=2yPmc is the
maximum momentum transfer to the electron, F,(q) and
G,(q) are matrix elements given by

The photoelectric cross section and slope (n) can be ob-
tained from a number of tables' based on experimental
values or relativistic Hartree-Fock wave functions. This
cross section was used to calculate the target-thickness
correction factors in Eqs. (6)—(11).

The plane-wave Born and Bethe theories neglect the
distortion of the target electronic wave functions due to
the presence of the high-Z projectile. At low projectile
velocities, the inner-shell electrons have sufficient time
during the collision to form molecular orbitals. The most
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important molecular effect is the increased binding of the
E electron correlating to the heavier collision partner,
making it more difficult to excite, and giving smaller ioni-
zation cross sections than those predicted using the atom-
ic theories. ' At high velocities where molecular orbitals
are not formed, a "polarization" effect is present. One
interpretation of this polarization is that the target elec-
tron clouds stretch toward the projectile nucleus in large
impact-parameter collisions, bringing the projectile and
electron closer together, which increases the excitation
cross section. In detailed multichannel calculations of K-
shell ionization, this polarization is seen in the population
of side excitation pathways; instead of the direct excita-
tion of ls electrons to p continuum states, excitation to s
and d states followed by s to p and d to p transitions are
possible. ' Since the direct-excitation amplitudes are pro-
portional to the projectile atomic charge Z&, and the two-
step amplitudes are proportional to Zp the excitation
probability is proportional to a term in Zz and a second
term in Z~ (plus higher-order terms). The population of s
and d states can be interpreted as polarization of the elec-
tron clouds.

Theories of the binding effect on E-shell ionization at
low velocities and the polarization effect on stopping
powers and E-shell ionization at higher velocities have
been formulated. Basbas et al. developed a formula-
tion that interpolates between the low- and high-velocity
regimes, which is precisely the velocity region of interest
in this work. The theories assume that Zz «Z„howev-
er, and we have Z~ &Z, in some cases. Nevertheless, we
compare with these theories in Fig. 10. Also, the effect

on the transverse term has not been formulated, so we ap-
ply the binding-polarization correction to both the longi-
tudinal and transverse terms equally (the transverse term
being much smaller than the longitudinal in this work,
anyway).

One other correction usually applied to K-shell ioniza-
tion cross sections is for electronic relativistic wave func-
tions. ' In deriving Eq. (13), partially relativistic
Darwin electronic wave functions were used which have
the four-component structure of fully relativistic wave
functions, but lack the correct properties at high momen-
tum transfer which are important in collisions with low-
velocity ions. These properties are not expected to be
important at the velocities considered here. Some indica-
tion of this is found in the comparison of Bethe-
approximation calculations of E-shell ionization using hy-
drogenic and relativistic Hartree-Fock wave functions to
obtain the photoelectric cross section in Eq. (19). The two
calculations differ by less than 10%, so the application of
a relativistic wave-function correction to these theories is
unnecessary.

V. RESULTS FOR K-SHELL IONIZATION

The remarkable conclusion of this work is that despite
the very high projectile charges used and the not-
exceedingly-high relative velocities, the data agree well
with the atomic theories. The ratio of the projectile velo-
city to the K-electron velocity in Fig. 10 varies from 4
(670-MeV/amu Ne+ Ni) to 1.2 (670-MeV/amu Ne+ U)
or 2 (82-MeV/amu Xe + Ni) to 0.6 (82-MeV/amu

Bethe
I

I
I

I

'

I
I

Born Born carr.
I i I06

Io' =
425 MeV/arnu

= I 0

La '

I I

30 40 60 80 30 40
a I i I & I04

60 80 60 80 IOO

FIG. 10. E-shell vacancy production cross sections. The ionization cross sections were calculated with the atomic plane-wave
Born approximation [Eq. (3); solid line], Bethe approximation [Eq. (19); chain curve], and the Born approximation with corrections
for binding and polarization effects (long-dashed curve). . Fully stripped projectiles can also capture target E electrons, giving the con-
tributions shown by the short-dashed curves.
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Xe+ U). The Bethe and exact plane-wave Born approxi-
mation theories differ by approximately 30% for
ulux& 1. The Bethe approximation is less valid for
ulu2r (1, and exceeds the exact Born-approximation re-

sults at those velocities. The polarization and binding
corrections give larger cross sections for u/ux&1 and
smaller ones for u/uJt &1. They are negligibly small for
Ne collisions and are as large as a factor of 1.8 in, e.g. ,
Xe+ Ni collisions. The data do not consistently support
the application of these corrections: the experimental un-

certainties are larger than the difference between the
corrected and uncorrected theories in the Ne and Kr col-
lisions, and the data points for Z«60 in the Xe, La, and
U collisions do not consistently agree better with either.

For high Z, in Xe and La collisions, nonradiative cap-
ture of target K electrons by the projectile contributes io
the observed E-vacancy production cross sections. The
evaluation of the capture contribution requires a
knowledge of the projectile charge states and the nonradi-
ative capture cross sections. We defer the discussion of
this to a later paper in this series. To indicate the relative
variation of the capture contribution, we plot in Fig. 10
the Oppenheimer-Brinkmann-Kramers cross section (rnul-

tiplied by the Drisko factor, -0.295) evaluated for rela-
tivistic ions by Moiseiwitsch and Stockman, assuming
the projectile is fully stripped. These calculations show
that capture is responsible for the deviation between the
measured and calculated ionization cross sections at large
Z, in Xe and La collisions, though the present capture
cross sections are too large in places. In part, this is be-
cause we assumed the projectile is fully stripped, which is
least valid for 82-MeV/amu Xe collisions where the cal-
culated relative capture contributions are greatest. Cap-

ture is negligible with 670-Me V/amu Ne and 425-
MeV/amu Kr projectiles.

VI. RESULTS FOR L-SHELL IONIZATION

Target La, LP, and Ly x-ray production cross sections
were measured for targets ranging from Ta to U. These
x-ray lines are due to the filling of L „L2, and L3 vacan-
cies, and the x-ray production cross sections O.L„, are cal-
culated from the vacancy production cross sections oL;
using

+Lxi ~Lxi 1~L 1+~Lxi 2~L 2+ ~Lxi 3~L 3 ~ (20)

where the coefficients AL„,z are given by a combination of
measured or calculated L-shell fluorescence yields tuL;,
Coster-Kronig transition probabilities fJ, and branching
ratios I L„;/I L; given in Table II. The direct extrac-
tion of ionization cross sections o.I; using methods based
on the intensity of the weak Ly& line proved impossible
in this work due to the poor x-ray energy resolution and
the intense continuum background.

The L x-ray cross sections are also thickness dependent
due to secondary processes, and a correction factor based
on the L3 ionization cross section was calculated. Similar
correction factors for L1 and Lz ionization are expected,
so the ratio hoL3(T)/oL3 can be applied directly to the
L-x-ray cross sections, as shown in Fig. 11 for 197-
MeV/amu Xe+ Ta collisions.

The corrected zero-target-thickness cross sections are
compared with atomic plane-wave Born calculations in
Fig. 12. Although the longitudinal contribution to L-
shell ionization can be calculated using the tabulations of
Khandelwal et al. , the formulation of the transverse
contribution to L-shell ionization has not been done. In

TABLE II. L-shell x-ray production parameters. Parameters
c01 through f23 from Refs. 27 (Z, =70 and 82) and 28 (Z, =92).
The relative transition rates are from Ref. 26. Defini-
tions: AL 1

——(f13+f12f23)L03r3 /r3 ~L 2 f23~3r3 /r3
~...=~,r,./r„~„,=(f„+f„f„)~,r„/r, +f„~,r„/r,
+~,r„/r„~,~=f„~,r„/r, +~,r„/r„~,~=~,r„/r„
~Ly1 flz~ozrzy/r2+Lolrly/rl '4Lyz ~02rzy/r2 ~Ly3
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~
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I 3 /I 3

r„/r,
r„/r,
~La1
~La2
AL 3

~LI31

~LPGA

~LP3
~Ly1
~Ly2

Z, =70

0.113
0.239
0.23
0.199
0.319
0.132
0.845
0.835
0.77
0.067 05
0.0257
0.184
0.139.
0.201
0.0359
0.0338
0.0394

0.116
0.402
0.374
0.072
0.653
0.109
0.79
0.78
0.74
0.195
0.032
0.296
0.161
0.322
0.0797
0.0365
0.0884

Z, =92

0.215
0.56
0.49
0.069
0.55
0.23
0.76
0.754
0.714
0.211
0.0857
0.372
0.248
0.448
0.116
0.0712
0.14
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FIG. 11. The target-thickness dependence of Ta La, LP,
and Ly x-ray production in 197-MeV/amu Xe+ Ta collisions.
The calculated dependence (solid line) includes processes 1 and
2.
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FIG. 12. Target La, LP, and Ly x-ray production for several projectiles. Solid line shows the plane-wave Born-approximation
ionization cross sections converted to x-ray cross sections using single-vacancy fluorescence yields and Koster-Kronig transition prob-
abilities.

the dipole approximation, the ratio of the total to the
longitudinal cross sections are given by

&tot

long

lny —p
ln(E, „/Uy )

(21)

where E,„=2mc y p and U is the relevant electron
binding energy. The Ls correction factor is largest in
670-MeV/amu Ne collisions, where it varies from 1.10 to
1.11 between Z, =70 and 92. In view of its small magni-
tude, a complete evaluation of the transverse L-shell cross
section is not required here; the longitudinal cross sections
were multiplied by these ratios.

The measured and calculated I.-x-ray cross sections
agree well, especially for La and Lp x-ray production by
Xe ions. The I.y cross sections are higher than the calcu-
lations everywhere, possibly due to uncertainties in the
fluorescence yields. The difference between theory and
experiment for the Ne and Kr cross sections lies outside
of the experimental uncertainties. Arguing from similar
electron binding energies, polarization, binding, and cap-
ture effects in these collisions are likely to be as signifi-
cant as the effects on X-shell ionization in targets between
Z, =30 and 47. As shown in Fig. 10, capture contribu-
tions should be negligible. Estimated polarization and
binding corrections would increase the Xe cross sections
by up to a factor of 1.8, the Kr cross sections by a factor
of —1.3, and the Ne cross sections negligibly. The data
do not support the application of such corrections.

VII. CONCLUSIONS

Target E-vacancy and I.-x-ray cross sections induced
by relativistic high-Z heavy ions can be predicted within
less than a factor of 2 by atomic theories of inner-shell
ionization. Structure in the Z, dependence of these cross
sections, seen in low-velocity collisions as the result of
molecular effects, is essentially absent. Since X- and L
shell ionization contribute to electron stopping powers of
relativistic heavy ions in matter, this work suggests that
the atomic theories of electronic stopping should also be
valid in these high-Z, collisions. It is likely that devia-
tions in electronic stopping powers due to electronic-
wave-function-distortion effects appear more in the
inner-shell contributions than in the dominant outer-shell
contributions. Finally, the atomic theories can now pro-
vide an estimate for radiative preheating of inner shells of
high-gain inertial fusion targets.
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