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Abstract

K-Shell x-ray production cross sections for the
target elements Be, Ti, V, L'si, Fe, Co, and Ni have
ri'.'on measured for incident *̂ B ions ovc?r tlic energy
range 4.0 to 3U.0 K«V. ':'he cross section data were
compared to the theoretical predictions of the Binary
fciic(»j.it(?r Approximation (BEh); the Plane V7ave Born
Approximation (PWBA); and the PWtw modified to include
coicectionfi for incrf>*ised binding energy (E), Couloi!tb
dof lection of the incident ion (C), orbital prirtur-
)<.ttion dim to p'.-lariziition (P), and rcla t ivis t ic
effects (K). In addition, f Iuoroi;cence yipJO varia-
tions (Wj.) and contribjtions to the cross sections
from electron capture- (EC) havo been included. I t
was found th.it t.ho prediction!; of the fully modified
PWDA with contributions from electron capture and
fluorescence yield variations included provided the
b".~t f i t to tho I'xpurinental d.itn over the entire-
erierqy rari7t< for each target element. The KjVKct X-
ray intensity ratios were compared to theoretical
values that a<;.MU.-?<.- <;)n4.1f-' hole ionization, and the
x-ray enersy shifts [••rasonlvd as a function t.f the
eii-*r';iy of t.i:e iucid-.-nt inn. These two ineasurv.-inentK
provided confirmuticn of the occurrence of multipjt1

ionizstiori for 1°B boKbatdaient of target elements
in the r.inyr ?i - y.p 5 2fl.

Introductiori

Recent, proyreoy in the investigation of inner
shell ionizatittf) processes has been made by a nurrj.ior
of rcsearcli groups. Suinmarier: of previous light
ion results are given by flarcia, Fortner, and Kavanaglî
and RutletVje and Watson.^ Other;; have extended, ths
woxk to include heavier projectiles.3-0 Review
papers by Saris" and Richard3 yurcmarizi expftriin.vnt.il
and theoretical results for the heavier ion-aton
interactions. All those stud-en were concerned with
inner-shell vacancies beimj filled through the emis-
sion of either characteristic x-rays or Auger elec-
trons and i t was concluded that ths inner shell excit-
ation jTiechanisina for heavy ion-atom interactions may
be different fro:.i that for lighter ions. For the
heavier ion bombardi'nentf multiple ionization of the
target atonis, <-,,. jet thickness effects,9 and electron
promotion proc :r •:.-. 10 add considerably to the com-
plexities of data analysis and theoretical interpre-
tation.

Earlier experim°ntal findings have boen compared
to sevfiiii theoretical predictions of Coulomb ioni-
zation of inner-nhell electrons. The quant-.sn mech«n-

*Er'xperinu-nta perforined or* the Tandem Van de Graaff
Accelerator ut Oak Kidqe Natio:v-:1 Laboratory, which
i.'. supported by E.P.U.A. and operated by the Union
O.rbide Corporation.
ls«|iix>rti-d in part by the NTS!; Faculty Kof-enrch Fund,
t.'ie Robert: A. Welch Foundation, and tho K^senrnh Cor-
poration. Travv! for participants provided by tlir
0j>. T'.idge A::".ocicirod Univcrsitie:; throayh contr.ictn-d
.-•i•raagen«-rit witii E.H.n.A.

PORTIONS 0? THTfi R5PQRT ARE ILLEGIBLE^ It
bc.5 been reproduced from the fca t available
•opy to permit the brr^destpossihle avail-

ical plane wave* Porn approximation (PWBA) and the
classical binary encounter, approximation (BlvO h/sve-
generally been fouu-id to be in better agreement -dth
the experimental data.

The PWBA11 K-shell ioriization has been ir.o-ji f ied
by Basbas, Brandt, And Latibert to include effects
for increa: ^d ta/get electron binding energy due
to p^netration of the K-F,hell by the incident ion
and also for the deflection of the incident ion
from a straight line trajectory du& to the Coulomb
interaction. 22'*3 This modified PKFA. has beer,
found to give ruvjorably good predictions of the
K-shell ionizatior. croys section for light ions
(Zi4) over a fairly wide energy range.12,14 How-
ever, difficulties in fitting experimental deta
have arisen at higher incident, ion Pnergii^ using
the PKBA modified for increased binding ene.-gy and
Coulorb deflection effects. At the.se higher env-rgior
the experir-ontal results have been undarpredi. etc--2 by
a» tr.uch ar. 100" in none cases. ̂  Further nodif ici<tion
o£ thv PWBA iuia included corrections arising fi .:•.
polari ?.at ioi: of th<? taryet atom electron wave func-
tion by higher energy incident io:>5.13,15-17 •j'1^s

additional i-odi fi coition he:; been shown to give
reasonably good predictions of experimentally
iwaTurod K-sĥ -11 x-ray production cross sectienn
for '"o ions. s Also, i t has been reported that the
use of a re lativi :;tic atomic electron wave function
can be another important modification to the PV.'HA
prediction for low incident ion energies on high
V. targets.3*18"21-1

For heavier incident ions, electron capture froir1

the K-shell of the target to tho K'-shell of tb«
projcctili? has b^on shovn to be important to taryot
ionization.2l Multiple ionization of the targot
atom by these heavy ions also produces changes in
the fluorescor.crs yield.: which jrelaLe x-ray produc-
tion to vacancy production.

The purpose of this study was to experimentally
dGtonr.J.ne the; K-shell x-ray production ero^s section
for a surios of target elements in the rancjt*
21 5 z2 - 2S when bombardc-J by 1°B ions over the
en -̂rqy rang-"1 4.0 WeV to 38.0 b'c.V. The range of
target element?: was chosen in order to investigate
tho i nherent i ••̂ juirement: of the theories that the
ratio of the projectile charqe (7.\) and the tarrj»H
atomic number (X2) have the property that K]_/s >*:<1.
T.V' ^B projectile was chosen as earlier expi:» im^^tal
investigation" have shown that multij>lo ioai^ation
effects art «;«:-r;i for ^N ion-- but not for l,i ions^
on targots in thv apnt-oxinate samo range of Z%.
Consequentlyt in addition to determining K-sh«*ll
x-r^y cj'oas :.vM-:tioii:.., tho Kp/K.i x-ray intensity
ratios and .«;:. Lfr..s in the Ka and Kf> x-ray eneroi«.-.v
worn neaBtiri'd ns a function of incident ion energy.
Tho lattur tv?i nffects hax'e been cstablishrd â  i i r
di c<\totr- of til-.- occurrence of multiple iomz 1-
t ion f i * 2 7 ' 2 S

il̂ .u.,.-.-.:.':.. 0-.. .



by the

Th*! '°B ion beam wi-> collin.ttfd 1-y two T.i api-r-
tiii-cs located -61 c:a in front o£ the scatter in.j ch.m-
ber and liy a 3.175 mm diameter C aperture .it the
cha-tih - entrance. The experimental procedure has
been presented in detail earlier and will only be
briefly discussed h e r e . 3 ' " ' 2 6 The scattering cham-
ber accoirj.iodates 24 targets which are placed «t 45
drag, to the; incident bean direction when rotated
Into the beam line. The targets used in this cx-
r-t-rimc-nt ia/iged in thickness from 17 to 85 ng/cm2.
Carbon backings 10-50 uy/cm2 in thickness; wrre used
for targ-jt support. An Ortuc Si (Li) detector with
a full width at half maximum (FWilM) resolution of
nj c-V at 5.9 YnV was positioned inside the target
char?Jber approximately 5 cm from the target and at
90 dt-'g. to the incident beam direction. Si surface
barrier detectors were mounted in tho- scattering
chamber at 30- and 45-deg. to the incident bean
direction to detect the "*B ions elastically scat-
tered from the target elements. The absolute mag-
nitude of the experimental cross sections wore
calculated by normalizing the x-ray yield to the
Kutherford differential cross section of the scat-
tared *°B ions as described elsewhere. 3 ' zf> In
anticipation of non-Rutherford contributions f> the
elastic scattering process from tho targeit elements
at th-3 higher inclctent ion energies, a 100 ny/em
self-supporting Au foil was installed 20 cm behind
the scattering chamber at an angle cf 45 dog. to
the incident beam direction. A surface barrier
detector was mounted at 90 deg. to the incident
b?ati direction with a 4.76 mm diameter aperture
approximately 10 cm from the Au targt-t. It was
expected that the ^B ions elastically scattered
from the Au foil would be purely Rutherford o-.vr
thu entire energy range. z 7 ' ̂ & This mnrtnureE'Tit
allowed the determination of the constant ratio
of the Rutherford yield from the Au to the Ruther-
ford yield from the target material at thu Inwr
incident ion energies. As a result, absolute nor-
ntalizatio.-i to tho Kutherford differential ctoss
r.tt-ction was used over the entire energy range.

The absolute efficiency of the £i(I,i) detector
W=IJ: ir.erisured usinci standard calibrat-;-d radioactive
sources of 54[.]n,

 J'Cc>, and 2 *-Am. The proc-'-dur^s
for Measuring the cfCiciencico are outlisK-d nlse-
whero.23"3-1 At x-ray energios below 3.3 KeV, the
steepness of tho measured efficiency curvy yielded
uncertainties in the range 35% - 50i. To increase
the confidence in the efficiency at t.he lower
energies, the efficiency was calculated u.siijy tho
method described by Gallagher and Cipoll 3 2 '

The x-ray and charged particle spectra were both
input to 1O2'3 channels of a Tennecorrpt IVJCC System
analog to digital converter (ADC) which was intei—
faced with a PDP ll/4fi computer. The computer had
light p>»n bpe.-ci.ra reduction capabilities,. The
counting rates were lov; enough that the detector
dead tirr.e remained essentially zero so the dead
time of the ADC was usr?d to determine the dead
time correction to tho measured yields. The dead
tiT"e of the ADC was go.i-.Trtlly less than 10%.

Data Analysis

TSiii simultaneous collection of the x-ray yield
<ma the Rutherford sc.ittering yield during ion bon-
ijcirdment of a given target element eliminat _•$ thf*
r.ocd of nonnalii-.-iticn to target thickness, and inci-
dent ion flux in determining the x-ray production
^ro,;.' '-.action. Tim K-^::ell x-ray production cro-j.<:
r.rictio;. for a parti cul-:-*' energy ion beam is e.ilc-olatnd

V V;" ( 1 )

where nK("1) if- thu solid angK.1 .';ui>t'Tiet! by the
ctiarTfd fMi'irlo rlutirctor at tho l.i!y>rjtory
angle 0, YB('.i) is- Un; total yii/ld of l!uth--rford
sci'ittfrnd ioris rit tho atiglo. CI cort«-ctfd fr>r d-:-<ld
tii-^j ajid backyr'jur.Ll stibtraction, d\i/i\.i^ is ti.-
thuoretical OiffiTonti.il Rutherford f-catterinrj
cross section for the incicJent ic<n of energy E
through the angle 0. Vto#fi are th- a,U x-ray yields
correctud for dead tiirjo and background stibtrauticn.
cKa,B a r c " : o ^'i^1-*' <i.--ttftor pfficiencio1;. The
correction for tar<v.-t thicStnt-si;, '!, ir. d«suriLvd
by Î ivib-'-rt et_ aj^. ̂ -̂  I t includes approximate
corrections for tho energy loss of the incid;nt
ions passing through targets of finitt* thichr.^ss
in both x-ray and scattered ion yields.

F.-?sults and Conclusions

K£/Ka x-ray intensity ratios and th.-i;' absolut*:
unc:ertaint it*-;; are shown in Tig. 1 for icpresen' i v»;
elcn'Mit.;":. Tna primary co/itri.butions to the uncer-
tainties wem friim ^Q'onting j.tatist.tcs and the x-ray
detection efficiencies. A definite deviation vtii"
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ti-.ms for ificiJ.»:ic

the ratit> or" incident ion v-.-lofity to
the* aver•!•;«• velocity or the tarrj«-t !--

which tho n.ixinijn >:-roy energy sh i f t s occurr-*H w«»r«*

i:. the r«itlo of th- i n c i ^ n t ion vojori ty to the*
avt-rti^-^ velocity of thf t a r ^ t atom L-sholl electron".
J-.JJ is th'» '°B ion pri.-.-^/, A i s the r a t i o of the ^fJn

riv*-r«i.;«» I.-shell bini'.: ij ori?rgy for the t*ir<3^t atom.
I t Wtv* found that the x-ray enervjy flhift maxim.*
i>w'CtirT-'d wh*-n the vcK">ci*"-/ of thw incident ion w?is
mojt r."<ii'ly matched to th« velaci tv of the *.-she»ll
e lec t rons in the tar<j**t atom, 'thm iff?plif«d that
addi t ional vacancies in th** !*-shell w(*ro th** prinary
contr ibution to the lluoro.-ic^nco yield rh.?n'f*-3. Th*
Fitxtjle-holt: fluorescence vie lds were corrected uyin.;
the procedure' of Lark in s . ^

Th1? oxperimt'tit.il x-ray prodtivtion cross sect ion
:in '̂. th - thooretiiMl prtvlietion* to whit:h the tlata
w..'i>.' rn:n̂ «» cot! were to. I en I .iti-d i:^incr (.hf- conptjN..r
CIHI--* I'.IDDLE. *]1»o f\noi-eiiceiico yieifl Vtiliut.-. of
Pji.ibynsk c t n_l_. • " as •: ilcul.itetl by Mcr.ui r>»'B vrt-
u .t-;i in KirciLK for <1<>r<>raining th- thr-or.-ti--.:il
i'1'.di.-rionii. Comr irisons of th<" i>.x;—ritn»-nt.il
K-.ih:-ll x-ray production rr^^s nt>cti<ins fi^r ' 'ft
l> ).•*•»r.i:-r»!- to Mi... :-.r.?cUcMt>ns of the USA, PWKA,
!v.:1,\iir, pwp.WfCR, a:vJ Pl̂ HABPi-R (SCTj;) nr<> r.iimn
for r^iT'-*^"ntiv-: rton-nt^: of Ti arif? Fc* id Fi^rs. 3
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