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ical plane wave Horn approximation (PWBA) and the

classical binary encounte: approximatiorn (BuR) have
K-Shell x-ray productiun cross sections for the gencrally been found to be in better agrecment =rith
target elements Sc¢, Ti, V, Mn, Fe, Co, and Ki have the cxperimenta) data.

heen measured for incidenr 108 jons over the energy

range 4.0 to 38.0 MeV. “he cross section data were The PeBall ¥-shell iopization hes been modified

compared to the theorctical predictions of the Binary by Basbas, Brandt, and Lawvbert to include cifects
Encouater Approximation (BEA); the Plane Wave Born for increa: ~d target electron binding energy cue
hoproxination (PWBA): and the MWBA modificed to include to penrtration of the K-shell by the incident ion
corcections fur increased binaing energy (B), Coulomb and also for the drflection of the incident icn
duflection of the incident ion (C), orbital pertur- from a straight lipe trajectory dve to the Coulomb
Lation duw: to polarization (P), and relativistic interaction.22.13  «his modified PWEA has been
effects (R). In addition, fluorescence yield varia~ found to give re-sorably good predictions of the

¥-shell ionizaticn crous section for light ions

tions (Wp) and contribations to the cross sections
(254) over a fairly wide cneruy range.l2.34 ngu-

from electron capture (EC) bave been included, It
found that the predictions of the fully modified ever, difficulvies in Fitting experimental dzte

wias
PWSA with coatribuations from elactron capture and hava arisen at higher incident ion energies using
fluorescence yield variations included provided the the PWBA modified for increased binding cneogy and
bost fit to the cxpurimental data over the entire Coulorh deflection effocts. At these higher encrgics,

the cxperirontal results have been underpredsctol by

enerqy range for each target element, The K3/Ke x-
as much as 100 in some casas.d Further medificstion

ray intensity ratios were cormpared to theooretical

values that assume single hole ionization, and the of the PWBS has inzluded corrections arising fr o
X-ray cnergy shifts presonted as a function ¢f the polarization of the taryoet atom electron wave

3 4
Thege two measurements tion by higher enerqy incident jons.13415-17 44

energy of the incid:@nt ion.
additional rodification has been shown to give

provided confirmation of the occurrence of multiple
ionization For 103 bombardment of target elements reasonably good predictions of experimentally
reasured K-shell x-ray production cross sectiuns
for 190 jons.” Alse, it has been reported thzt the
use of a relativiutic atomic electron wave o
can ke another important modification to the P
prediction for low incident ion energies oa high

in the ranye 21 I Zp 5 28,

Recent progress in the investigation of inaer

s o . ki T
shell lonization processes has been made by a nusber % targets.>.18-20
of rescarch groups. Summaries of pravious light

ion resules are given by Garcia, Fortner, and Kavanaght For heavier incident ions, electron capture from

and Rutledge and watson.? Others have extendsd the the K-shell of the target to the K'-shell of the
work to include heavier projectiles.3-0 Review projectile has been shown to be important to target
papers by Saris? and Ricuara® summariza experimantal ionization.2l multiple ionization of the targat
and theoretical results for the heavicr ion-atom atom by these heavy ions alse produces changes in
interactions. All these studlies were concerned with the fluorescences yield: which relale x-ray produc-
inner-shell vacancies being fiiled through the emis- tion to vacancy production.

sion of either characteristic x-rays or Auger clec-

trons and it was cancluded that the inner shell excit- The purjose of this study was to experimentally

ation mechanisms for heavy ion-atom interactions may dotermine the K-shell x-ray production cross section
be different from that for lighter ions. For the for a series of target elements in the range
heavier ion bhombardment, multiple iomizaticn of the 21 £ 2, £ 28 when bombarde:d by 0B ions over the

target aton®, tu:jet thickness effects,? and elnctron en~raqy range 4.0 Mev to 38.0 MoV, The range of
promotion proc. 210 add considerably to the com- target nlements was chosen in order to investigate
vlexities of data analysis and thecretical intexpre- the inherent :cquirement of the theories that thae
tation. ratio of the projectile charcge (Z3) and the tarqget
atomic number {Z23) have the property that 23/zZ,<1.
Earli.r experimental findings have Dboen compared Tie 10g prejectile was chosen as earlier exper i tal
to seveial theoretical predictions of Coulorh ioni- investigations have shown that multiple ionizaticn
zation of inner-shall electrons. The quantum mechan- effocts are sen for 1IN 10a5® but not for “Li ions3
e e e e on targets in the approximate same rangs of 2.
tExperiments performed on the Tandem Van de Graaff J P BRI g Tang ? ?‘
) ) . s s o Conseguently, in addition to determining K-~shell
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sental Proc

Ex;ori

e 100 fon heam was collimated by two Ta aper-
tures located <61 ca ir front of the scattering chan-
ber and by a 3.175 mn diameter ¢ aperture at the
chani - entrance. The experincntal procedure has
been presented in detail earlisr and will only be
bricfly discussed herc.3:©¢26 qns scattering chaa-
bor accormodates 24 targets which are pluced at 45
deg. to the incident beam direction when rotated
iato the beam line. The targets used in this ex~
periment raaged in thickness from 17 to 85 pa/am?.
Carbon backings 10-50 pg/cmz in thickness were used
for target support. An Ortec Si(Li) dotector with
a full width at half ma<imum (FW:M) resolution of
173 eV at 5.9 ¥uV was positioned inside the target
chamboer approximately 5 cm from the target and at
90 deg. to the incident beam direction. Si surface
barrier detectors were mounted in the scatterving
chambar at 30~ and 45—092. to the incident beam
direction to detect the 10B ions elastically scat-
tered from the target elements. The absolute mag-
nituds of the experimental cross sections wore
calculated by normalizing the x-ray yield to the
Rutherford differential cross scction of the scat-
tored 10B jons as descrived elsewhare.3:26 1p
anticipation of non-Ruth:orford contributions to the
elastic scattering process from tho target clements
at tha higher incicent ion energies, a 100 uyg/cm
seli-supporting Au foil was installed 20 wa behind
the scattering chamber at an angle cof 45 deg. to
the incident beam direction. A surface barrier
detector was mounted at 90 deg. to the incident
baam direction with a 4.76 nm diamster aperture
approximately 10 om from the Au target. It was
expucted that the 0y jons elastically scattered
from the hu fuil wonld be puvrely Rutherford over
the entire energy range.z 2 d :
allowed the determinatior of the constant ratio
of the Rutherford yield from the Au to the Ruther-
ford yield from the target material at the Jower
incident ion enargiss. As a result, absolute nor-
malization to the Rutherford differcntial cross
acction was used over tne entire ensrgy range.

The absolute efficiency of the 5i(Li) drtector
was measured using standard calibrated radioactive
sources of >%un, JVCO, and 213m.  ‘the proce-dures
for measuring the efficiencies are cutlined else-
whare.29-31 ap x-ray energies below 3.3 KeV, the
steepness of the measwrad efficiency curve yielded
uncertainties in the range 35% - 50%. %90 increase
the confidence in the efficiency at the lower
energies, the efficiensy was calculated using the
method described by Gellagher and Cipolla. o2

The x-ray and charged particle spectra were both
input to 1024 channels of a Tennecompt Pacce System
analog to digital converter (ADC) which was inter-
faced with a PDP 11/4% computer. The cowputer had
light pezn spectra reduztion capabilitics. The
counting rates were low cnough that the dutector
dead time remained esscntially zero so the dead
tim2 of the ADC was used to determine the dead
time correction to the measured yiwlds. The dead
tirme of the ADC was goa-rally less than 10%.

Data Analysis

The simaltanncous collection of the x-ray yield
and the Putherford scattering yield during ion bom-
Lardmont of a given target element eliminat.s the
4 of normalizaticn to target thickness and inci-
dent ion flux in determining the x-ray production
aroa section.  The K-zhell x-ray production cross

ici for a particulsr cnergy ion bzam is calcelated

by the expression

¥ "
&
Keo KGR dr o

Yu(()) di:{

fra Tpe }

vhere Qp(0) is the solid angle subtended by the
charged particls dotector at the lalvroatory

angle O, YR(J) is the total yield of Ruth.orferd
scattered jons at the angle O corrected for dead
tire and backyround subtraction, du/dly is tie
theoretical differentiyl Rutherford scattering

cross scction for the incident ion of encryy E
through the angle 0. Yga,g are the a, B x-ray vields
corrected for dead tinme and background subtraction.
EKy,p are the Si(Li) detertor cfficiencies. The
correction for tazget thickaess, T, is described

by Laubart et 31.33 It includes approximate
corvectious for the encrgy loss of the incid:nt

ions passing through targets of finite thick
in both x-ray and scattered ion yields.

Results and Conclusions

Ki/Xa x-ray intensity ratios and their absolute
uncertaintics are shown in fig. 1 for icpresentive
elemeats.  The primary contributions to the uncer-
tainties were From oounting statistics and the x-ray
detection efficiencies. A definite deviation was

.EK)' Pdi

.|6—‘ f“

N
<
77

/

7
PR

A\Y

K-BETA/K-ALPHA RATIO
L1
N1
A\Y

e e —SAEMS TADULATED MOSY
PROBAILE vaLue

14 21 28 35 42
E (MEV)

Figure 1. K3/Ka x-ray intensity ratjos.
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Figure 2. Kt aad K7 cnergy shifes. Vvpoiw a4
the ratio af spcident don welocity to 103 H T T T
the average velocity of the target L 3 " -~ s
shell electrons, ] P Y
] T )
viiich the nmaximum s-ray cnergy shifts occureed were 3 d /B -
aiven by the equarion Vp = (Ea/‘l'y)lf? whoere Vg, a ,O 3 d / 3
in the ratio of the incident ion vilority to the ~ E & :
avarage velocity of the target atom L-shell clectrons > R +
ty is the OB ion eaergy, A is the ratio of the 10n b= ¢ 1 E
1ass 1o the electron rass, and Uy is the weighted o 2|
averags L=shell bind: v enargy for the target atom, >'< 10 . E
It was found that the x-ray energy shiit maxima 3 q B
wetrr-d when the veloacirsy of the incident ion was Y N I +
rost pearly matched to tne velocity of the ~-shell 15 : _:::::E:ﬂ k
clectrons in the target atom. This implied that st IO'-—_ ,‘ R v Eag
additional vacancies in the '~shell were the primary = 3" 3
contribution to the fluarvscence yield changes., The &) b BN 3
single-hole fluorescencs vields wers corrected using n “ ) 1
the procadure of larkias. ’§ !

o

! [ 1 ¥ _
The experime"nnl x-ray production cross soctions 8 b 24 32 40
and the theoretical vrediction: tu which the data
wora compared were calaulared using the coemputer E (MEV)
cod> RIDDLE. The [luorescence yield valus. of
Raubynek et al.” " as caleulated by necuive ' wore

wd in KIDDLE for detormining the theoretisal Figure 4. Pe K-sholl x-vav production cross oo
divrions.  Comparisons of the esperimentasl for incident ]“ ions.

¥- shell x-ray production cross sections for Ly
wredictions of the BEA, PWEA,

by e i
BAT, r’hxl\‘«\l'\'x’., and PURARBPCR (BCWR) are shown The eryor bare in cach 3 ant the abaals
gopraseative elements of Ti and Fe in Fias., 3 unvertrintye in the Jdava, < s and ranc.s k
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