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ABSTRACT

Large devietions from a z?'wdependence for the x=ray production CEOSS
sections are found for K x-rays of Ti, Fe, Go, Zr, Sm, and Nd and L R=rays

of Sn and Nd us:i.ngj 5 MeV/amu He, €, 0, and Ne ions as projectiles. At

least in the case of the K x-rays of Zr, Sa, and Nd, these deviations very

likely reflect the behavior of the ionization cross section and point out

'+ the necessity of adding a 23

term to the expression for the ionization ‘
crogs section. In the other cases the uncertaianty of the fluorescencs

'yield prevents the drawing of ‘any definite conzlusions.
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The binary-encountar Fodel for the ionization of inmer shel’ elecetrensc -}f g

- by ione predicte & simple pcalimg law for the ionizaticm cress seection g0
| .
' oy = £GP &, @ i

where E, Z, and A are the energy of the projectile, the charge, and the

ionization emergy of the electron. A similar scaling leaw follews frem
2)

calculations based on the PWBA approximation. This sesling lew cam be
L" tested experimentally by measuring the dependence of the z=-ray production .
_ cross section g, onm the Z of the projecdile‘while keeping tha veloeity of “

1 ~ the projectiles constant;'and-aaeuﬁiné'tﬁatfthe fluorescence yield W, ie

- independent of 2.

3)

Such a test has recently been?made by Lewis et al.” wsing a—parcicles 

and deuterons rang?ng from G.25 to 20 MeV/amu on Ti, Cu, and Au, and Sy

r . SRR, S
Basbas ggigl.,a) who bombarded Al and Ni targets with H, D, He, and Li ions e

~ of kinetic energies between 1 and 7.5 MeV/amu. In both experiments a
' : v .
significant deviation from the zzédependence of 9, was observed. We measured

the cross section o for the production of the K x~-rays of Ti, Fe, Co, Zr. o

. Smy, and Nd and of the L xéraya of Sn, Nd, end Au by 5 MeV/amu He, G, O, aﬁdbéi

Y e iens, and we alao observed large deviatione £rom a simple Zz-dependenceu

Ef% In addition we maasu:ed L £or 10 HaV/amu Y 1ono on the oame :nrgetn. The

- 5 MeV/amu ptojeetﬂlae wers obtainmd by accelcrating an+ 3*, eﬁ

B ﬂﬂ(ﬁ ﬁ. S+

‘cyclotron

~;’jJ.'

mass of the projectile im units of electrom mass respectively, and U 4o eho s




An abselute vﬁlu@ of the x-ray ,roduction cross s..:ion Gx @am'b@
- cbtained by compéﬁ&%g the x=ray yield‘with the yield of Couleomb scatecered
partieles. This ma%h@@ eliminates tﬁe need to measure torget thicknoss
and beam current ané makes it easier to perform eccurate eboolute
A measurements. !

The x-ray yield was measured at an angle of 150° with zespeect to the
incoming beam by using a Si(Li) detector with a resolutien of about 250 oV

- at 5.9 ke¥. The target thicknesses ranged f£rom 200 to 1000 Mg/@mgg and

“ L the z-ray yleld was corrected EQE self-absorption cffects in the target.
The scattered paﬁﬁicle'yieiéxwééhmeasured with two surface barrier counters
at angles of +11° and =11° with respect to the beam, so that corrections
could be made for small changes im beam direction and posit$on, For most

57.(1@&8&3 the abselute umcertainty in g, is t 6% while the uncertainty in the

'ﬁftaxio between o for different projectiles is generally better than : 2%.

:fy" Figure 1 shows the quantity U; ol;/Z2 as a Zunction of E/AUK for the

(‘} S MeV/amu He joms amd the 10 MeV/emu lzc ions. The cg are calculated from

q:"@he relation @E - w cg. The fluorescence yields that were used are
- i
., summarized in Table l. The curve is the predicticn of the binary-encounter

- medel of Ref. 1. In general there is a reasonable agreemznt between the
EL% predlicted and experimental values for the He ions.

in otde" to fllustrate the zzndependedce of the x-ray productiom erosé
secti@ns, ve definc the quantity n(zl.zz) = [o (zl)lc (22)](2 /71) o
,Figure 2 shows R(Zl,zz) for zz = 2 gnd zl « 6, 8, and 10 oo 3 functiem of

'ffj; w E/Au where U ic the binding emargy of the K shell er o guitable averogo

@f th@ banding cnetsy of tbo nhclln., The expsrimental data suggest tho




following systematic tzrends: (i) for each projectile R changes from

5 value > 1 to values < 1 at En 0.25;'(ii)“For each vaiue of £, the value

"of |R=1]| increases with increasing zl} (i11) The behavior of R ia

- approximately the same for K and L x-tays. It iz interesting to note

’that the same systématic trend can be observed im the dats weported inm

Ref. 4 obtained wiéh quite different projectiles, targets, and emergiles.
!

Also the data repo%ted in Ref. 3 agree with the ebserxved systematies im

the sense that R >&l for £ > 0.25.
1

The fact that R # 1 can be due to a Z-dependence of the EIM@Eesce@@@f‘; f’

yield » or it can imdicate that o7 does not'ecale as zz. Heot probably  _ﬁ

. both effects have to be taken into account.

5)

From the energy shifts observed in the x-ray lines™* it is elear

that the nurber of multiple inmer shell vacancies created simultaneously

with a K shell vacancy dpends on the Z of the projectile and this will very
likely lead to o Z dependence ¢f w., For Zr, Sm and Nd the average number ‘if

of additiomal L vacancies created by 5 MeV/amu YNe ions is approximately 2,

5)

while for PFe tﬁis number would be 2 to 3. In order td estimate the

;eﬁfecm of multiple vacancies on the flucrescence yleld, we assume that the f{

_ K=L radiative transition rate is propbrtional to the number of L electrons;;}:: S

» that the non=-radilative rate is propoxtional to nL(nL-l)o and that the

ingle particle tromoition probabilities are not affected by multipla inner'ﬂlh

hell vacancies. Using this oversimplified model, the effcet of one addi-

© tionsl Leshell vacancy for Sn on the fluoreacence yield is 3%. This leads

. us to the assumption that ﬁho effect bf th.'nnltiple vacarncies on the

- £luorescance yieldiforIZr;

R

PN

Bno:ing Ndiiq»rathcrlanall and thac the obzarved 1_5"



~ discrepancy of the szdependence of the x-ray production cress seetion Sy

is mainly due t@‘the behavior of the ionization cf@sg section Gro The
same assumptions indicate that in the case of 5 MeV/amu Ne iomz on Fe, the
fluorescence yleld might b2 increased by as much as 30%, accountimng for o
rlé;ge part of the effect observed for Fe, Co, and Ti.

If we assume that the ionization cross sectiomn @JI can be written as

° is given by (1) and Z@ iz the

I
- charge of the target atom, then the quantity ER(Zi,}Zz)mlﬂZ@/ (2,-2,) should

v oy = oSl + §(z/z,) + 0‘2’2821 where o

~ be independent of Zl. Table 2 shows that this is approximately true for the
Zr, Sn, and Nd targets. For the lighter elements emne first would have to
" estoblish either experimentally or theoretically the effect of nmultiple

’ vacancies on the fluorescence yield before such an evaluation can be made,

A sivilar remark can be made with respect to the L x-rays of Sm, Nd, and

" Au, elthough it might be
¢ ‘ oLt

Lo,

méanﬂ.ngfﬁlf that all the datza indicate the same
4. - , S .,"- . - .
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&

CToblo 2. [R(2,,2,)-1|2,/(2,-2,) vith 2, = 2 for cho I
' " n-ray crogs section.

: T Projectile

§ .. Terget : c 0 Ne
1

ST w3380 2.9 £00 2.6 2 0.1

Fe . . 1.7%0.1  2.34 % 0.1
€6 - 14201 2.0 0.1
Ze 2.5£0.2 2.3 #0.2
Sn 5.1 20,1 4.6 % 0.2

4.2 £ 1.0 4.7 % 0.9

2,2 £ 0.1
1.6 2 0.1
2,0 £ 0,1
&bl £ 0.2
5.2 £ 0.5
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. " FIGURE CAPTIONS

AN .
. Fige L. K lomization cross sections measured with 5 MeV/omu He and

»

as 0

10 Me¥/amuw C projectiles. The sclid lime is the predictiom
1)

I8

of Garcia's Binary Encounter Model.

.. 'Fig. 2. The ratio of the reduced x-ray productien ecress ceectiem 68/22

. ! o
- £ S Mevlamu, C;; 0, and Ne projectiles, to that for 5 MeV/omw

ed'@o'l £ﬁnctinn of the reduced cmoxgy E/AU,
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