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ABSTRACT

2
Large deviations from a Z ̂ dependence for the x-ray production esoss

sections are found for K x-rays of Ti, Fes Co, Ze5 Sns oad Nd and L x-rays

of Sn and Nd using 5 MeV/amu He, G, 0, and Ne ions as projectiles. At

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

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

the necessity of adding a Z term to the expression for the ionization

cross section. In the other cases 'the uncertainty of the fluorescence

yield prevents tha drawing of any definite conclusions.

Research sponsored by the U.S. Atomic Energy Cosnission under contract
vith Union Carbide Corporation* ;v
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nadel for the ionization of

by ions g«©d£efe® a etepla sealing law for the ionlsatlaa

£ Z

where E, Zt and X are the energy @f the projectile, fellas daargG0

mass of the B^ojeetile in units of electron mass resf>e<gfSi^sly0 aadl 1 io

ionization energy @£ (She electron. A similar scaling lao foltac© fswa

calculations based ©a the PWBA approximation. This sealiag law can be

tested experimentally by measuring the dependence of the s-say production , " J

cross seceiom 0 on the Z. of the projectile while keeping the velocity of ••

the projectiles constant, and assuming that the fluorescence yield « is

independent of 2. ' . . . . .

Such a test has recently been -made by Lewis et, al,. using a-particles

and deuterons ranging from 6.25 to 20 MeV/amu on Ti, CuD and Au, and by

Basbas eft al,, who bombarded Al and Ni targets with Ho B, He, and Li ions

o£ kinetic energies between 1 and 7.5 MeV/amu. In both experiments .a
' 2 • ; ' •"

significant deviation from the Z "dependence of 0 was observed. We raeasurad

eHuQ cross section a for the production of the K x-rays of Ti, Pe, Co, Zr,

8sae and Nd and ©f the L x-rays of Sn, Nd, and Au by 5 MeV/amu He, G, 0, and •

lie i©ne,v and we alao observed large deviations from a simple Z -dependences

I B addition we measured o for 10 MeV/amu C ions on the oama targets. The

3 MeV/amu p^ojttet£le« wera obtain id by acceUrating KeA tr » C 5

j
i

ions in the Oak Stidg«I«ochronouc Cyclotron.



Ass fflbs@liaee wltus© @f the j£»ray production cross s>.'.uioins © can

;;'•". obtained fey eotapesirig the &~ray yield with the yield of G©ulssb

•I' particles» This stettwi1 eliminates the need to measure 6c

and beam current aad aakee it eaoiee to perform accurate

: measurements. <

The x-ray yield was measured at an angle of 150° with s©speet (5®

-• •;. • incoming beam by using a Si (Li) detector with a resolution @f ab@m£ 250

••' at 5.© ke¥o The target thiekaesses ranged fro® 200 t«

\\ .. the K»ray yield was eosrectsd iois eelf^absorption efifeeto

The scattered paetiel© yield was measured ^sltb. two surface hi

•: at angles @£ 4-11° and -11s with respect to the beam, s© that corrections

cosld be made for small changes in beam direction and position. For most

„ leases the absolute uncertainty in o is ± 6% while the uncertainty in the
t

' ratio between 0 £or different projectiles is generally better than ± 22.
'••* ;. o K 2

Figure 1 shows the quantity U o_/Z as a function ©f E/AIL. for the
- . & x •«

12 K
' . S Me¥/aram Me ions a&d tke 10 MeV/rmu C ions. The c. ai?G calculated from
'"• K K' glue reiatioB © • OL. o_. The fluorescence yields that wese used are

A J\ Jit ,

i

sssmarized in Table 1. The curve is the prediction of tine binary-encounter

Kffidel of Ref. 1. In general there is a reasonable agreement between the

|. predicted and experimental values for the He ions.

I In ov&es to illustrate the Z -dependence of the x-ray production cross
sections, we define the quantity R(Z1,Z2> • t

a
x0

Figure 2 shows*R(go,Z4) for Z o - 2 end Z. « 6, 8, and 10 oo a

C * E/%U where U io the binding energy of the K shell es a agitable

p£ the binding energy of the k nhallc. The experimental <flaea stsggese

' m : : ! - > ! - . r ~ - ' •::•/ ^ • • ' > 1 ; : - f - ' • • • • - . ' : * : * •
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following syseonaeie ere-sudss (i) for each projectile R eharages from

y value > 1 to values < 1 ae C * 0.23; ( i i) For each vaiue ©£ | e the

of JR-lj increases irlth, increasing Z.; ( i i i ) The behavios ©f 1 is : :'i

- approximately the sasEe £@t K and L K°-rays. I t is ip.ter«sstsimg £® note ' .']•'

' that the same systematic trend can be observed in the data reported ia

Ref. 4 obtained with quite different projectiles, targete0

Also the data reported in Ref. 3 agree with the observed

• the sense that, 1 >; 1 for ? > 0.25.

The fact that R $ 1 can be dune to a Z-dependenee ©f
2

; yieli a &r it eaa iMicate that o^ does not seale ae Z »

1 both effects ha^s to fee taken into account.

From the energy shifts observed in the x-ray lines it is. clear

that the mwiiber of multiple inner shell vacancies created simultaneously

with a K shell vacancy dgends on the Z of the projectile and this will very

likely lead t® c 2 dependence of to. For Zr, Sn and Nd the average number

©f additional L vacancies created by 5 MeV/amu He ions ie approximately 1,

while £©r Fe this number would be 2 to 3* In order to estimate the

effect of multiple vacancies on the fluorescence yield, we assume that the r|;:

R~L radiative transition rate is proportional to the number of L electrons, L

buD that the non-radiative rate is proportional to n-(n--l),) and that-the [. '.;'•]

eiagle particle tra^oition probabilities are not affected by multiple inner '!

. shell vacancies. Using this oversimplified model, the effect ©f one addi- * ;

&£dn«l L-shell vacaney for Sn on the fluorescence yi«ld is S%* This leads '

eie to the assuaption that the affect of the multiple vacancies on the

• £lttor««e«nc« yield for Zr, 8n, «nd M ±* tthmt mull «nd tlim the ©feaewei! ! '

'•:J$P&$£$\•.'".,':



• 2

* discrepancy of the Z -dependence of the x-ray prodmctioa cross seefcioia a
• * «

. is aaialy dm £© £he behavior of the ionization er©ss section eT» Th©

' ' same assumpti@B© indicate that In the case of 5 Me¥/amui Sfe ±@nB ©n F@

A fluoresceace yield might bs increased by as much as 3®^0 aecessiaeiffig £@% a
/ large part of the effect' observed for Pe, Co9 and Ti»

•,••':.••*.•., If we assume that the ionization cross section ©_ earn h& written as

v^tv-"';/ o_ • a°[l + 5(Z/Z..) f ©(Z/Z..) ] where o° is giveta by (1)
v,v.'!•.• ."•• A & C C A

.^i#Vv>- etorge ©£ the target afcom8 then the quantity |ft(Zc, sZ2)~l|]z

;,'•;'"•/;•.•::' be iadepsadent ©f Z,. Tabl© 2 shows that this is apps-ossiaaeely tsrae

.„ «^0 osiuiw Jd targets» Wot the lighter elements ©ae first womld ha^e £®

;v;^;' .'•'•' ©etablists eiehes esEperimeafeally or theoretically the effect of tanaltiple

""•::;•.':-' - vacsneies, on th@ fluoresceiaee yield before such an evaluation can be made.

v:^l;^: A siiuilaff fesssk can be made with respect to the L sc=-rays of Sns Ndt and

v:>|^ - Au» although it might be meaningful that all the daea indicate the same

^p;:^. V t r w ^ o£ a ^ j a * / ^ ^ ^ •• •:''•' •; .' - ,
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fable 1= F3U»©£esoas,v.e yields.

' '"'o- •> - l .

Element

0.221

0o 344

'•.-;. !':';-;v
lVo.366'

Sn

'./•• 0.73V

v 0.86

0.91

•! -.' r . - . '

' ' ! l! 'V^i?

' . - , • " ' . r"
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DZ2)-l|ze/(Z1-Z2) with

er@©s section.

2 £®w th® It

; t

Targets

*"*f

Ti

Fe

Projectile

C

3.3 ± 0.1

1.7 ± 0.1

1.4 ± 0.1

2.5 ± 0.2

5.1 & 0.1

4.2 ± 1.0

2.9 ± 0.1

2.34 ± O.I

2.© ± 0.1

2.3 ± 0.2

4.6 ± 0.2

4.7 ± 0.9

* * • * • ' ' • ' ' • ' '

- • ; , • • L i , ' ' ' • ; • < '

• I ' " J ' ' ' • ' . ' ' r ( > . ' . • ' • • ' • ' -

'-• "t " ' ' " ' ' ' " ' • 3 (• •» •

Mv^&^l

^ ^ ^ ^

2O2 & 0 . 1

l e 4 & 0 . 1

2oO i 0 . 1

4«l-± 0.2

SO2 ± 0.5

• • • • " . . . ! • • • : . • • • >
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FIGURE CAPTIONS

eross seeetona measured with 5

' 10 EfeV/aw G pipejseeileso The solid U s e is She

of Garcia*a Binary Encounter Model, '

Fig. 2o The gael©; of the reduced! x-ray production es@ss

..•'.. !•:";!.•'' for S MeV/ams, C, ©s a»d Ne projectiles» t©

' "'". V.v,' Ha 4©n«»' fl@eted as « funecion cf the seduced!
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