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M-shell w-ray production cross  sections have been azasured " for

bivin z0iid targets of Au For 2T MeV s (=3,5, 5% and For 25 FeV
15 3+ &
[ (3=5,7,2). The microscopic cruss sectiovns were Jetermined from

measurements made with targets ranging  in thickness froem 0.5 te 100
HuaSem For projectiles with one of two kK-shell wacancies, the M-shell
s—ray production cross sections are  found to be erbhanced aver those by
prujectiles without a F—shell vacancy., The sum of direct ionization to
the continuum (0T} and electron captare (EC) to the L, M, N... shells

ard EC tw tihe K-shell of the projectile have besn extracted from td&

data. The results are compared to bhe predictions of first Bern
Eheories i.e. FWBA for DI and GBE of Nikelaev for EC aaed the ECFISR
approach that accounts for  eneray  loss, Cuuicmb deflfection and
‘relativistic effests in the perturbsd stationary state theory.
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. : Introduyction

A
Turing a heavy iem—atom collision, the two primary mechanisms by

which inner—shell wvacancy production can oaccur are direct ionization
(0OI) v Coulamb ionization and electron capture (EC) bv the projectile.

There are veral thernries availatvle to describe these proecesses.

1
m

LDirect ionization can be described within the framewosrk of the plane
1
wave Dorn appro=imation (FWBA) in which the gquantum mechanical iaitial

arnd final state wave functions are appro=imated by plane waves.

=
The Qppenheimér—arinhman—ﬁramew {JBE)) theary uses the Bora
approsimation to describe the capture of a target electron by the
3 .
projectiles This theory was modified by Nikolaev (OBEN) to include
ron—relativistic screened hydrogenic wave fTunctions and observed

Picding energies to calculate the electron capture cross sections.

theory which describes DI is  the perturbed statiocnary state
4
formalism (F22) developed by Brandt anmd Lapicki that accounts  for the

D

perturbation of the target electrons by the ions.
This approach may include Couloemb deflection (£) of the projectile
by the target, a target electron relativistic (R) description, and an

Aaccounting For projectile—snergy loss (E) and is referred to as the

w

This theory has also been developed for EC and extended by

to M—=shell i1copization. ,

Guering the past few years, various experiments have been perfocmed

which a]lﬂw{ tests of these theoretical approaches. A  number of zf—‘

woper iments  with gas targelts showed large effects of projectile charys
z-11
statse g inner=shel]l tonization, The increases in  taeget



L)
inner—-shell ionization for pruJLct1]=s with K-vacancies bver those
withowut K-vacancies was attributed to electron transfer of a taraet

12
electron to the projectile K-shell.

For solid  targets, the experiments were not as well understood

because the electron configuration of the ion inside the target was not

=

well kEncwn. The etffects of residual E-shell vacancies in the ion on
14
solid target =-ray production have been reported by Hopkins and
15,14
Greeneveld et al. They found that the target x-ray yield increased

considerably when the ion beam first passed through the carbon backing
of the target before passing throwagh the target material and as the

target thickness increased,

This target thickness/bea charge state ffect was mare directly
17 1=
appreached by Gray et al. and McDaniel et al. when they measured

1
K~shell x-ray yields as a function of target thickness for préjectiles
with zerws, one, and two K-shell vacancies. Both ogroups found that the

variation in target w—-ray production with target thickness could be

explained in terms of the number of K-vacancies in the projectile. As
the projectile charge state increased, the amount of K-shell to K-shell

EC from the target to the projectile increased.
1%
McDaniel et al. also measured L-shell x-ray yields as a functien

of the projectile charge state and target thickness. Results similar

to thuse Forr the K shell were again explained by EC to vacancies in the
projectile K shell.
20

More recently, Mehta et al. have coempared  M-shell x-ray
production due to direct ionization and electron capture in the first
Buourn and perturbed stationary state formalisms and have found their

experimental results to compare Favorably with the ECFEIZER.

P



in this work, we report  ornn measurements  of M-shell x—-ray
production  cross sections  for 2 MeY/amu c {3=4,5,4&) and 1)

-
=

. E:
from 0.5 to 100 ma/cm

"
n
)
"0
=
’-*-
D
[

(9=5,7,2) incident on various thickne
The measurements reported here are total cross sections from which {13
BI plus EC to the L, M,... shells ard (2) EC to the K~shell can be
inferred. They compare favorably to thzoretical calculations of Brandt

4,7 H,7
armd Lapicki for OI (Fig. 1) and Lapicki and McDaniel for EC (Fig.

F,)
a -



Experimental Froceedure

The 4.5 MV EN Tandem WVan de Graaff accelerator at the 0Oak Ridge
National Laboratory was used to obtain ion beams of 25 MeV carbon  and
2 MeV 0y aen in several charage states. The beam was
electromagnetically analyzed for energy and charge state. It then

passed through a series of TFocusing lenses and collimators before

m

impinging on the target.

The target was positioned as 45 relative to the 1incident beam.
An drtec Si(lLi) detector was placed at ?OD relative to the beam in such
a manner soa as to view the fFfront or incident side of the target. The
absolute efficiency uof the SidlLi) Jetector was dJdetermined by

caiculating its theoretical efficiency at x-ray energlies less than 16

bV and normalizing that to measurements of sevaral calibrataed

(]

radigactive sources as described in Ref. 21. This method yields
efficiency results with an estimated wuncertainty of approximately
+—14%4.

The Au  targets used in this investigation were thin clean foils
prepared by vacuum deposition of  the .target material onto carbon
backings., These backings were monitored throvahtout their preparation
in worder to insure that the targets were as contaminent fres as

possible. This procedure has been described in Ref. 22

d

e

While w—rays were¢ being measured by the SidLi) detector, a soi

state charged particle detector was simultanesusily wsed to measure the

-
n
a
o
-
1]

Futhertord scattering of the incident particles. These resuli
used to determine the product of the number of ckarged particles
incident upon  the targets and the number of target atoms which were

4
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then utilized to normalize the =-ray yields.xl

The data analysis of the =-ray and Rutherford spectra was a
twa=fald process. Atter each spécfrum was obtained, an initial
analysis was made at DORNL by wsirg a POF 11/45 computer and a
Hewlett FPackard CRT with light pen capabilities. Each spectrum was
plotted on  the CRT and a backarowund was drawn in by hand. The arca
above the background line was then fitted with a Gaussian distribution
and an  area was determined. Later a least squareS‘fit of the entire

3
al e

spectrum was done using the fitting program FACELIFT to improve on

a Gaussian

o
0

L J
the initial data reduction. This algorgthm us
distriboutioern with a linear background 4as the fittima function. A

typical spectra ;an be seen in Retf Z4.

For all but the thinnest targets ( t < 1.5/ug/cm£) the fits were
in gqeod  agreement with  the measured spectrum and have an estimated
uncertainty of +-5% in the a~ray yields. Due to a significant build—up
wt silicon contamination, the uncertainty in the thinnest target'yie]ds

were estimated to  be +—323%. hus the overall uncertainty (efficiency

-
)
=
=

and yield) for t = 1.5,u.,g/cm is 5-1i7% while that for t < 1.5 Mascm

is approximately 404,



LY

Results

Figure 1 illustrates the M—-shell =x-ray production cross sections

as a function of target thickness. The triangles represent cruoss
D)
sections VT for projectiles with no K-shell vacancies, and the
XM (1) {(2)
sguares and dots represent cross sections O and U for
XM XM

projectiles with wone and twos kE-shell vacancies, respectively. The
(44D

v results are appro=imately constant within statistical
XM (1) ()
uncertainties for all targets while the U™ and O results rise
XM XM
steadily as target thickness decreases.
EC
The EC cross sections U were determined by taking the
XM

difference between the one or twe K-shell vacancy cross sections and
the cross section due to DI plus EZ to the L, M, N, ... shells
predicted by the ECFZZR. The total #—ray production cross sections for

ro, one  and  twe E-shell vacancies are

. EC

ligted in Table I. From these results, the EC cross sections Y for
: Xt

target M—shell capture to the projectile K-shell were calculated, where

EC(M>1/2ED EC (M)

v and U are the electron capture cross sections for

XM XM .
ions with one and two k vacancies, respectively. Figure 2 shows the EC

[1d

incident projectiles with =«

cross  sections as  inferred by this method.

Thewretical ionization cross sections were converted to =<—ray
. r

procuction Crass sections by using fluorescence yields and
e
Coster—kronig rates  from HcGuire.hd Along with the results obtained
here, we have plotted data from Mehta et _L.du for =25 MeV v F incident
on Au. As with the results obtained by Mehta gt al. we find?that while
both the OBEN theory for EC and the ECFEER averpredict‘ﬁy , the latter
XM

is much claser to being in agreement.

&



In ceonclusion, we have measured the conteibutian ;o M—shell
ionization by DI and EC and compared the results &0 predictisns based
on the first Born  theory (OBEN)  and the perturbed stationary states
theory (ECFZSR) for EC. We have Tound the ECFSZR £0 be in much better
agreement for both the one and two K—-snell vacancy tases thas the first

Born results.
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in the prajectile
vacanties.

—shell

X—ray

production

the cross secticns are for

and the inferre
Cross section

Table I.

Croass
2@y,

=] EI

sections
and twa K-she
cl“u=~S s«=c§1uns for

LX) F R i
an«rtainties
i

units are

o f

107b.

Au.

LY

e

om top to

Frou
3
'R

vacancies
and two
of

40%Z for these thinnest targets result principally Trom Si¢LiIY detector
efficiency (+-14%) and =~ray yield determination (+-335%).
¥
Frojectile éC oD =5
E/M (MeV/aMd) 2,03 2.00 .=
Cross z /Zﬂ O.075 0.101 G.1314
Sections v /V“M 0.472 Q.44 O.425
(G) First Buarn 0. AR i.i= .13
ECFP3IER 0.52 0.4 1.23
v xm Exp. 0.65 T_ 0,17 1.38 T_ 0.41  1.35 _ 0.33
(13 First Born 1.4% 4,22 17.5
ECFSSR 0.5 2,75 g ==
%M »
v % Exp. 0.2 1.68 7_o0.25 =.3¢ 7 0.33
(=3 First Born 2.07 7582 31.5
= ECFEER Q. 2.77 3,45
- XM N -
v Exp. o.22 *_0.12 t.s2 *_0.27  4.58 T_ 0.70
. First Born Q.20 2.70 14.%
EC (M1 /2K
ELC (M1 72t )xm ECFESR 0.24 | 1.05 1,62
v Exp. 0.22 T_ 0.10 0.74 _ 0.20 G.¥F _ 0.40
First Buorn 1.3% &S50 28.5
=0 (MK N
D_‘;m “vm ECFSSR 0.41 .83 =R
~ Exp. 0.24 7 _ 0,10 0.87 T _ 0.3 .3 _ 0.79
FLUIRINE DATA ARE FROM RErER;NuE =20.
2
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Figure 1.

M-shell x~ray prodoction cress sections vs. target thickress. The

dot—dash line represents the eross section for direct ionization plus

electron capture to the L-, M-, ... shells in the ECPESR formalism.

The wurncertainty of the data is +-17%4 for all but the thinnest target,

which carries an uncertainty of +-407%.
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Figure 2.

Inferred EC cross sections for projectiles of atomic aumber Z

1
with one (g=Z -1) K-shell wvacancy and two (g=Z ) K-shell vacancies

1 1
verses Z 4Z . The ion energies are 23, 32, and 35 MeV for carbon,
1 2 :
vxygen, and floorine, respectively. The fluoripne data are from
5,6,7
Reference 20. The sgolid curves follow the ECPFSSR calculations
Ffor EC, and the dashed curves are according to the first Barn
L) .-::
2,=
approximation . These curves are drawn in an approximate manner

between Z =4,2, and ? to the extent that all ions have nearly the same
1 :
velocity (2 MeV/Zamu).
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