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’ The present study was undertaken to determine the
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direct tonization and electron capture contributions to
vacancy production inl;he M-shells of 2eAu, 32Pb, 4,B!
and ¢, for incident "oF fons. M-shell x-ray produc-
}’on cross sections have been measured for 1.42-MeV/am
oF3* ions for q=4,5,6,8,9. Enhancements in the target
x-ray production cross sections were observed for pro-
Jectiles with one and two K-shell vacancies over those
without K-shell vacancies. Direct fonization and elec-
tron capture contributions to the vacancy production
were extracted from the data and compared to the plane
wave Born approximation’™~and to the Oppenheimer-
Brinkman-Kramers'TQ calculations of Hikolaev*; respec-
tively. *

Introduction

In the past few years new interest has emerged in
the study of inner-shell vacancy production in heavy
ion-atom collisions. At high velocities, the two pri-
mary mechanisms involved are the direct {onization to
the continuim (DI) and the electron capture by the pro-
jectile (EC).

Calculations of the ionization cross sections for
the K- and L-shells have been eerfonmed in the plane
wave Born approximation {PWBA)’. Recently, Basbas et
al® have presented a perturbed stationary state formal-
Tsm {PSS) which includes the effects of polarization
and increased binding. These calculations vhich also
include Coulomd deflection of the ion provide good
agreerent with DI data of McDanfel et al’.

The electron capture contribution to the target
vacancy production cross section can be calculated for
heavy ions by several different theoretical approaches.
Reading et al'®, Lin et al'!, Lapicki and Losonsky'?,
Lapicki and McDaniel®?, and others’*»!® have proposed
models to explain EC.

Lapicki and coworkers'?,!? have recently developed
a2 theoretical approach which, although expressed in
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the OBK-N approximation since it accounts for the per-
turbed stationary state (PSS) and relativistic effects.
These calculations have been made grlmarily for the
-shell to K-shell charge transfer>® as have other
theoretical approaches that exist at this time.

Gray et al'¢ have also determined the DI and EC
contributions to vacancy production for the K-shell
for a range of jon-target combinations. For conveni-
ence, they have applied semi-empirical scaling factors
to the OBK-N to determine the EC cross sections for
their experimental data.

McDaniel ang cogworkers®s?” investigated the K-
shell 1ogjzation by 1,51 ions and the L-shell ioniza-
tion by ',F and 2JSi ions. The CPSS theory of Basbas
et a1® combined with EC theory of Lapicki and McDaniel'?
was 1n excellent agreerent with their study for the K-
shel1®. Electron capture measurements for the L-shell
were also found to be in excellent agreement with the
EC theory of Lapicki and McDaniell?,

In the present work, we are extending the above
investigation of McDaniel et al®»!7 to the M-shell.
We have meas. =d the M-shell x-ray pruduction cross
sections for thin solid targsts of ;950, a2Pb, ¢35
and 4,U for incident 1.42 Me¥/amu «F jons.

The EC cross section are inferred by comparing
the measured I1-shell x-ray production cross sections
for projectiles with one or two K-shell vacancies to
the average M-shell x-ray production cross section for
projectiles without K-shell vacancies.

The only theoretical ionization cross sections
calculaticns presently avaiiable for the M-shell are
the PWBA'-? for DI and the OBK-N® for EC. These thco-
retical calculations are used to make comparisons with
the experimental data in the present study.

Experimental Procedure and Data Analysis

A 1.42 Me¥/amu beam of '3FA* {ons was obtained
from the En Tandem Van De Graaff accelerator at Oak
Ridge National Laboratory. The beam was passed through
a stripper foil and was rzgnetically analyzed for charge
states q=4,5,6,8 or 9. After collimatfon, the ion beam
was incident on thin solid targets inclined at 60 de-
grees to the {ncident beam directior.
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Summary

The present study was undertaken to determine the
direct ionization and electron capture contributions to
vacancy production in the M-shells of ;efu, s2Pb, 4381
and o0 for incident ",F fons. M-shell x-ray produc-
n’on cross sections have been measured for 1.42-MeV/amu
3F3* jons for q=4,5,6,8,9., Enhancements in the target
x-ray production cross sections were observed for pro-
Jectiles with one and two K-shell vacancies over those
without K-she}) vacancies. Direct fonization and elec-
tron capture contributions to the vacancy production
were extracted from the data and compared to the plane
wave Born approximation’™? and to the Oppenheimer-
B:*ln']‘man-ltramrs"o’ calculations of Hikolaev®, respec-
tively.

1

Introduction

In the past few years new interest has emerged in
the study of inner-shell vacancy production in heavy
jon-atom collisions. At high velocities, the two pri-
mary mechanisms involved are the diract fonization to
the continuim (DI) and the electron capture by the pro-
jectile (EC).

Calculations of the ionization cross sections for
the K- and L-shells have been performed in the plane
wave Born approximation (PWBA)’. Recently, Basbas et
.‘!l ' have presented a perturbed stationary state formal-
ism (PSS) which includes the effects of polarization
and increased binding. These calculations which also
include Coulomb deflection of the ion provide good
agreerent with DI data of McDaniel et al’.

The electron capture contribution to the target
vacancy production cross section can be calculated for
neavy fons by several different theoretical approaches.
Reading et al'®, Lin et al!’, Lapicki_and Losonsky'Z,
Lapicki and McDaniel', and others!*»!S have proposed
models to explain EC.

Lapicki and coworkers!?,!’ have recently developed
a theoretical approach which, although expressed in
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terms of Oggenheiner. Brinkman, Kramers®:3
Nikolaev® (OBK-N} formulas for convenience, goes beyond

the OBK-N approximation since it accounts for the per-
turbed stationary state (PSS) and relativistic effects.
These calculations have been made grimari 1y for the
K-shell to K-shell charge transfer’ as have other
theoretical approaches that exist at this time.

Gray et a)*® have also determined the DI and EC
contributions to vacancy production for the K-shel)
for a range of ijon-target combinations. For conveni-
ence, they have applied semi-empirical scaling factors
to the 0BK-N to determine the €C cross sections for
their experimental data.

McDaniel and cq;workers®»!” investigated the K-
shell 1o‘|jzation by 1.5 ions and the L-shell joniza-
tion by 'oF and 2eSi fons. The CPSS theory of Basbas
et ai* combined with EC theory of Lapicki and McDaniel'®
was In excellent agreerent with their study for the -
shel1?. Electron capture measurements for the L-shell
were 31so found to be in excellent agreement with the
EC theory of Lapicki and McDaniel!?,

In the present wourk, we are extending the above
investigation of McDaniel et 31%»!7 to the M-shell.
We have measured the M-shelT x-ray pruduction cross
sections for thin solid targets of’uﬁu. 02Pb, o357
and 4,U for incident 1.42 Me¥/amu "aF fons.

The EC cross section are inferred by comparing
the measured li-shell x-ray production cross sections
for projectiles with one or two K-shell vacancies to
the average M-shell x-ray preduction cross section for
projectiles without K-shell vacancies.

The only theoretical fonization cross sections
calculations presently available for the M-shell are
the PWBA'-? for DI and the OBK-N® for EC. Thes~ theo-
retical calculations are used to make comparisons with
the experimental data in the present study.

Experimental Procedure and Data Analysis

A 1.42 Me¥/amu beam of '3F1* jons was obtained
from the En Tandem Van De Graaff accelerator at Oak
Ridge Naticnal Laboratory. The beam was passed through
a stripper fotl and was ragnetically analyzed for charge
states q=4,5,6,8 or 9. After collimation, the jon beam
was incident on thin solid targets inclined at 60 de-
grees to the incident beam direction.
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An ORTEC Si(Li) detector, with a resolution of
155 eV at 5.9 keV, was positioned at 90 degrees to the
incident beam direction to detect the x-rays from the
target.

Fig. 1's gws an M-shell x-ray spectrum of ,4Au
for incident "sF fons. There are four major resolved
peaks M:,s,, MoB., My and M,~N, {also labeled with
M:-N, and M,-0,. which are the transitions. included in
that peak). iy appears as a shoulder cn the high
energy sidz of MaB while M;,5, and M,-N, are better
resalves.

To determine the yield under a peak, a background
of a second order polynomial was subtracted from the
spectrum. A peakfitting program, which generates
Gaussian peaks (shown by dashed curves in the figure),

i used to determine the best fitting parameters. Due
to non-uniqueness of the solution for these parameters,
uncertainity is introduced in the yields which ranges
from 1 to 6 percent.

A theoretical curve for the absolute efficiency of
the Si{Li) detector was calculated by determining the
attenuation of x-rays in the Be window, the Au contact
layer and the Si dead layer!®. This curve was normal-
ized to the measured efficiency points at x-ray ener-
gies of 3.3 keV and above.

A movable surface barrier detector counted the
scattered particles. M-shell x-ray production cross
sections were cbtained by normalizing the x-ray yield
to the Rutherford yield of scattered particles.

The targets, which were made by vacuum evaporation
and depnsition of the target element on ~ 20 ug/cm?
carbon Dackings, were bombarded with 1 and 2 Me¥ proton
beams to determine the target thicknesses.
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An M x-ray spectrum of ;,8u for incident 1.42
veysamu ',F ions is shown here. The spectrum
shows four major peaks labeled M,.-, , Mu,
¥, and M,-N. (also labeled with ,-0. and
M.-N;} which are discussed fu the teat.
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The target thickness dﬂendence was deternn:ned for
7eAu and 4:Pb for incident 'SF** jons. The region of
thickness, where M-shell x-ray production cross sections
were essentially independent of the target thickness,
was used for the projectile charge state dependent
studies. The thicknesses of the targets used were .
7efu (4.2 pg/cam?), 42Pb{12.5 ug/cn®), +13i(9.6 ug/cm?),
22U(3.5 ug/cm’).

Results and Discussions

In Fig. 2, the variation of a ratio of the x-ray
yield to the Rutherford yield with the charge state g
of '3F4* ion is plotted for varicus resolved peaks
(see Fig. 1} M;,c,, MasS, My, M,-N, and for the sum peaks

of Magy and total M. Within the experimental uncertain-
ties, 211 of the ratios point toward a trend. The

ratio for a particular peak at q=9 is larger than a
ratio for the same peak at g8, which in turn, is

larger than the average of the ratio, for the same peak,
at q=4,5,6. Further, the observed ratios, for any peak,
are essentially independent of the projectile charge
state for q=4,5,6. The charge state q=9 for  Fi+ COr-
responds to a completely stripped nuclei, while q=8
corresponds to a hydrogen-like atom.
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Fig. 2. A plot of the ratic of the M-shell x-ray yfeld

to the Rutherford yield R versus the chirge
state g of the fncicent 3.42 MeV/amu 'JFa* ion
is shown. individual M-shell x-ray peak ratios
with the Rutherford yields R are shown by vari-
ous symbols. fFor example, open circle repre-
sents the ratio for total M-shell x-ray yield
with the Rutherford yeild, while a closed
circle is for ratfo of MnBy x-ray yield with R.




In Fig. 3, an averags of target M-sheil x-ray
production cross section, for projectile charge states
q=4,5,6 of 4Fa* is plotted versus 2;/2,. 2, and Z»
are the atomic numbers of the projectile and taroet
respectively. This average target M-shell x-ray pro-
duction cross section corresponds to a sum of DI and
electron capture to L, M and higher shells of the pro-
jectile. The dashed curve represents the DI calcula-
tfon 1n the PWBA and includes no capture to any shells.
The apparent good agreement between the experimental
data and the PWBA theory may be fortuitous or it may
indicate that EC to the L-,M-and higher shells is not
a large contributor to target M-shell ionjzation at
these energies and for these values of Z,/Z.= 0.098 to
0.114 in the present experiment. The rather constant
values of the ratio of x-ray %0 scaitered particle
yields in Fig. 2 for different numbers of L-shell
vacancies (q=4,5,6) supports the latter explanation.
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Fig. 3. The average target M-shell x-ray production

cross section onm for incident '3F1* ions
with q=4,5,6 is plotted versus 2;/2:. The
D1 calculation of FWBA is shown by the dashed
curve.

The M-shell to K-shell EC cross sections are {n-
farred by comparing the target M-shell x-ray production
cross sections for the incident projectile with cre or
two K-shell vacancies, with the target M-shell x-ray
praduction cross section for the fncident projectile
with nc K- vacancies (q=4,5,6).

The theoretical M-shell to K-shell EC cross sec-
tions are determined by calcuiating them in CBK-N®
approximation for each of the {nitial orbital angular
rmomentum states in the target N-shell. The final states
are comprised of the K-shell of the projectile.

The theoretical M-shell to K-shell EC cross sec-
tion is converted to an x-ray production cross section
by using the fluorescence yield for each subshelll?s?®
and the transition probabilities for transitions with-
in the M-shel1'%. The EC cross sections, for one and
two X-shell vacancies in the projectile, are inferred
as previously outlined.

In Fig. 4, o,% which represents the inferred tar-
get M-shell x-ray production cross sectfon due to the
ZC to the K-shell of the projectile 'sFa* with 1 K-shell
vacancy (q=8) and 2 K-shell vacancy (q=9) 1s plotted
versus Z;/22. O0BK-N calculations of the x-ray produc-
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tion cross sections, plotted as a dashed curve, over-
estimate the experimentally inferred cross sections by
more than an order of magnitude. Both the experimental
data points and the theory show an increasing cross
section with decreasing Z, as expected.
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Fig. 4. The inferred target (Z,) M-shell to proje&;ﬂe

-shell x-ray production cross section g,
due to EC for 1 K-shall vacancy {q=8) and 2
K-shell vacancies (q=9) present in the pro-
Jectile (Z;) are plotted versus Z,/Z,. Theo-
retical prediction of EC cross section in
OBK-N calculations are shown by 2 dashed
curve. The targets used are 7sAu, »2Pb,
osBi and 4,U. The half-filled circles repre-
sent data for hydrogen-iike (q=8) Fluorine
fons and the open circles represent data for
fully stripped {q=9) Fluorine ions.

Conclusions

H-shell x-ray production cross sections of ,Au,
e2Pb, ¢3Bi and 42U were measured for incident 1.42 MeV/
amu 13F2* dons, with charge states of ¢=4,5,6,8,9.
These cross sections were found to be independent of
the projectile charge state q for q=4,5 and 6.

The ratio of M-shell x-ray yields with the Ruther-
ford yields are seen to be enhanced for cases of 23F
fons with one or two K-shell vacancies. This can be
attributed to the formation of target M-shell vacancies
via the electron capture from the M-shell of the target
into the K-shell of the projectile.

The ratios of M-shell x-ray yields with the Ruther-
ford ylields is seen to be constant for cases of '3F ions
with no K-shell vacancies and 5,6,7 L-shell vacancies.
This, together with the good agreewent between the tar-
get M-shell direct fonization data and the DI calculation
in the PWBA theory fndicates that the EC to the L, M and
higher shells is not a large contributor to the target
M-shell fonization.
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The x-ray productien cross section attributed to
EC were determined by subtracting the average of the
projectile charge state independent data from the hy-
drogen-1ike {q=Z;-1) or fully strippad (q=Z,) projec-
tile data. The comparison of the inferred EC cross
section data with that determined from OBK-N approxi-
mation shows that the theory overestimates the data
by more than an order of magnitude for all of the
data, This disagreement of the OBK-N with eaperimen-
tal data is consistent with conclusions of similar
work done for K and L shells9s17,
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