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Abstract

We have measured the energy shifts of K x-rays produced by 5 MeV/amu e, .

;_C, 0, and Ne ions, and by 10 MeV/amu C icns, on targets of Fe, Co, 2r, and Sa;,

' additicnal data for Ti and Fe have been obtained using O ion enevgies from
+ 0.625 MeV/amu to 2.84 MeV/amu. In the case of the 5 MeV/amu and 10 MeV/amu
‘data, it was found that for‘éach targz¢ thére exists a nearly linear relation=-

ship between the observed energy shift and the stopping power for the bombagdingi

Z.ion. The projectile energy dependence of the shift for Ti and Fe targets
"obtained from the O data shows a form similar to that predicted for the L- ;‘“'v:
ionization cross section. The observed‘K /K ratios show the same type of l
simple ayatenaticc. auggesting that thesge multiple 1on1zation phenomena can .

be quantitativcly explliued uithin*thc framework|

:of existing coulomb excication.
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ﬁ{nh ~ ’ Introduction

Weak satellites aasociated with K-lines were first discovered by Sieghbahn
“and Stenetrsm,l and an explanation involving multiple inner shell ionization
- was propoesed by Wex'ttzel.2 More recently the observation of energy shifts in

i

. by Richard et _a_z_];.a using a 51(Li) detector for measuring the x-ray energies.
L | '

. They ascribe the shifts to multiple inner shell ionization, am explanation
" which has been verified by Bragg spectrometer experiments in which the measurea,

" lines were resolved into satellites corresponding to 1, 2, 3, etec. vacancies »
a.5|6 7’8

i

ifﬁ in the L-shell. Other measurements on K energy shifts have been made
for a variety of targets at several projectile energies. The available datq_
) suggest that the energy shift in the K~lines is related to the L-ionizationii
'ﬂi?eross section as predicted by the Plane Wave Born Approximationg (PWBA) or
ifthe Binary Encounter Hodel10 (3EM). iSimilar measurements have been made by
:Der‘gg_g;.ll for the L x-rays of Ni;QCu:feedTZn induced by bombardment with
. 8=MeV and 20-MeV oxygen ione. They noted ehifts“in.L;eetellite energies which

:decteased as the projectile energy increased and they pointed out that this 13 ‘
' consiatent with the expected decreaae in cross section for the production of';
{-yacancieg when the roject:lle veloe:l.ty is greater than the electronic Q:bital
' velocity. ;»

If the phenomenon of multiple ionizavion can be described in terms o£-77

it projectile charge; b) that for a given projectile the,nhift at sufficiently
l;!high energteo ahould be inverooly proportional to the projectile energy. in

"eleccronie etopping pownr;

i the RB 1ires of Cu anlei induced by 15-MeV oxygen bombardment has been repotted_

“and c)fthat nn -nargy ahiﬁt due 2 ;7:




i primarily to L-vacanclies would be a maximum in the region of E/AUL a1,
where 5§ 18 the projectile energy, A is the ratio of projectile mase to the
#lectron mass, and UL is an average binding energy for L electrens in the

‘btuset. The ain of the present experiment was to check these predictions.

Experimental

Beams of 5 MeV/amu He, C, G, and Ne ions from the Oak Ridge Isechronous
ECyclotron were ugsed with targets of E'c;. Co, Zr, and Sn to study the projectile
dependence of the K x-ray energy shifts . The same tafgets were also bombarded
“with 10 MeV/amu C fons. The dependence"'o'f"the shifts on the projeciile energy
‘was investigated using 0.625 MeV/amu to 2.84 MeV/amu O beams from the Oak Ridge K
" Tandem Van de Graaff accelerator on t:argets of Ti and Fe. A similar experimental
:_' wethod was used on bo'i:h accelerators and has been described elsewhere .12 80

': that only a brief outi:lne will be given here.

The targets were placed normal to the beam, and the x~rays viewed by a

"/'12 mn® S1(L1) detector with an overall system resolution of 250 eV at 6 keV.

: For the cyclotron V('l'andem)’ experiment the detector was placed at an angle of
150° (43°) to the beam direction, 50 cms (12 ems) from the target. X-rays from -

the target were viewed directly thtough the 0.0125 mu Be window of the detector S '“

for the cyciotron rums, while at the Tanden an additional 0.0125 cm Mylar

g
window vas employed. The beam currents were such that the count rate was alwayn \ tl“

leu than 1000 cps. and generally less than 100 cps,

Except for T:l., the tarsets were self-auppotting foils, whose thicknesses

"L;,;',";Iz; wera measurcd by the Rutherford scattering of 5 MeV/amu projectiles at an

: angle of 11.25°, The Ti terget was avaporated onto a 40 m;lcmz carbon backing,
o -f.the ¢ittckness boing measured 'vi.th a depcaition gauge. Table I shows the cargete ;|
" a.nd t.ho:lr uuuud t:h:l.eknou.r ’l:ln ant'.'.nud uncu-niuty in thc measurauenty :lo

1oz. | =




Table I
Measured Target Thicknesses

Targep T1 Fe Co - 2r Sn
Thickness (ug/cm’) 100 . 428 936 580 689

The emergy calibration of the system was measured using a pulser in

| 55 57 241

;lconjunction with standard x-ray sources of "~ Fe, " Co, and Am. In regions;

: remote frem the. calibration energies the absolute accuracy was estimated to

be + 10 eV; near tc these emergies this meroved to - 2 eV. The detector

e

- efficlency calibration was made using the same standard sources. Interpclcticn_'
! _ ' :

© to other energies was nade using a theoretical curve calculated from the

!

)_detectot characteristicn supplied by che manufacturer and the x~ray cross

v, section compilation of m.l{ascer et al, ,13

~and adjusted in absolute magnitudc_
"to £it the data points. =
Except fox the KB linaa.fcom 2r anc Sn, peak positions and areas were )
- extracted from the spectra Sy a cowputer code which assumed the peaks to bc 
Gauesian in form end the background to be ‘either linesr cor quadratic in'channci;f

“purher. Although these assumptions, particularly the first, are not nececaarily“i

“ Justified, such a aelf-cons:l.ctent cnaiyaia does provide reliable estimacccbf

. !
; relative areas and posicionaL In the . case of the KB lines of Zr and Sn, the
ﬁ peak areas vere cxtracced by hand and no cttempt vas made to estimute the avcragcj :

. peak positions due to the relactvcly poor statistics coupled with the fact thac B

|
(1" the KB and KB conponents were part:lc.tly rnolved. {

# 1 2 edoma
BIK ratios for r. and 8n vwere estimated fron the peak aress and cnrreccions L

; jlf‘,_appl:lcd !or the enezgy depcndcncc of thc datcctor cfﬂcicncy. for abaorption in %

Hyht window whcuwapprcpricu. wl for nu-ab-otpci.on m chc en:gcc. ca\-.inq




into account the fact that the large energy shifts wure generally sufficient

to raicc the RB energy above the K absorption edge.

Results and Discussion

. [ .
The measured energy shifts induced by 5 MeV/emu He, Co, 0, and Ne ions

_and 10 MeV/amu C ions are shown in Fig. 1, plotted against the stopping power
;of the target materiaf for the appropriate'projectile. An almost linear

. selationghip is evident f&r each of the x-ray lines considered. In this
.energy region the eiection stopping poverzia roughlj proportional to MZZIE,

‘vhere M, Z, and E are the projectile mass, charge, and energy respectively.

-4n the notation of Gnrcialo,ass 'fl" ;;

BN >'1, | Q)

where A is the ratio of the projectile mazs to the electron mass, and UL is

!

.} 10 MaV/em data point doss not follow the trend defined by the 5 MeV/emu

"eross section varies ag 1/B. Tha 1/E depcndcnce holds for projectile velocities '

W
‘t‘.\‘?

‘¥;the average binding energy of the L-shell. The value of ElmL for 5 MeV/amu ”i:hf:”

.»;f-particleu on Fe, Co, 2r, end En is shown in Table II. Condition (1) is -oen'"7}

“'f,to be eatisfied for all targets cxuipc 8n, and indeed for this case the fﬁf o
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* the energy of the bombarding O ion &re shown in Fig. 2, plotted against E/Aun.?”

" The solid lines have been drawn to guide the eye.

I dependence is similar to that of the L-ilonization cross seetione predicted
L \ i
'j; by the PWBA or the BEM, except that the maxiwmum occurs at EIAUL ¥ 1.3, rather
higher than expected.

have, on the average, impact parameters smaller than the Bohr radius of the

.electrone.l
‘k?'Kh 1tnes, has been shown to be small.

:‘ie approximately 25 eV, S5 ev. end 65 eV for the Fe K Fe KB' and Sn K 1ines

;
j
!

:' caleulations by T. A. Carlson® indicate that the &verage shift per L-vacancy - f?EH 
i
3
d

~°* respectively.

Table II T
BIAUL for E » 5 MeV/amu B ,

f Target . Fe Co © oz Sn

E/WL 3.7 3.3 1.2 0.66

The Ku and KB shiifts for Ti and Fe which were measured as a function of

The form of the energy

This probably reflects the fact that the projectiles

L-shell as they rust alsc have produced a K-vacancy. One effect of such emnilfj.
impact persmeters is to increase the effective nuclear charge seen by 1- ’Wf

d
B

4 resulting in an effective increase in UL'

The influence of M-veeaneies on the energy shifts, at least for the Fe
1*6,15

Relativistic Hartree-Fock-Slater = | ,Y

Thus the X x-ray ehifne 1ndueqd by the 5 MeV/amu N- ions eotrespon

", to an average of two or three L-vacemcien for Fe. dropping to approximately one . =f7?QQ

B

L-vecency in the case of Sn.,

Burch and Riehard6 hava publiehed caleulettons showing the 1n£1uenee of LP

‘and M-vacancies cn the R‘/t tetio fox re- They show that the presance of

veeeneteu in the L-hell aud 39 eubohelx ha- a unrked et!ect on_the razio.‘v -




i
!
1

;ﬁﬁelectrons in the L=shell. Our measurements of the Fe KB/Ka ratio, shown in

ifFig. 3, show very similar systematics to the energy-shift deta, at least for
EIMJL % 1. This indicates that the dominating influence is again the production

. i of L-vacancies, and suggests a rather small probability for the production of

vacancies in the 3p subshell. From the calculations in Ref. 6, we estimate the

‘ glR IK ratio for 32.5-MeV O bombardment of Fe (E/XU = 1.4) to correspond te an

\

averege of X 1 3p vacancy, if the energy-shift data is interpreted to correspond

\| two to three L-=vacancies. For EIAUL > 1, the influence of 3p vacancies is

rf}'ronghly as HZzlE {or dBE/dx). However, for E/AUL < 1, the relative importance

" of ¥-vacancies 19 expected to increase, as the M ionization cross section

: j’the ionizatica energy of the 3p subshell, and might result in a K IK ratio

rather lower than the valuo obtained from an unperturbed atom. A hint of luch
behavior is evident in the Fe data for low O bombarding emergies.

s Tin KB/Ka vatios were obtained only with the 5 MeV/amu and 10 MeV/amu
projeetiles, and these regults showed no HZZIE dependence. The average of

 '-the five data points is 0.240 % 0.013 closa l:o che noml value of 0.2226 .:' Vi

’ ‘.jﬂeatiutcd by Hansen et al. 16 mu probably :l.ndieate- that the effect due so '

“vacancies in this -nc«rgy range.

In eu-lry. both |the energy lhi.ttn nnd t.h- IK tat:l.ol réport;cd in the

A 2

; pmmt votk show mu r -ntmtic b-hw!.or vi.t:h rnpcec to the nnoru md

.*j:u-
o

..“Jﬁ
: R

aight be expected from the simple assumption that the KB,Ka ratio 1s ptepotl::l.ond: ,

- . increases, while the L ionization cross section decreases rapidiy. This effect ‘. e

. , |
.~ to the 3p subshell population and inversely proportional to the number of { o

L ,T, weuld reach a waximum in the region of E/AU, Uy vl (EIAUL,- 0.07), where U, is p

- the production of L-vacancies is approx:l.utc].y um\;.hd by that due to M= o ‘



formulated to extract

l,"sect:l.o_ns, as has bcén

a quan

antit

dore in the csse of Au L x~rays by Hansteen et al. ,17
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Ha projectiles, and 10 MeV/amu C projecr.iles. The data are shown

aes & function of the stopping power' of the projectile in the

target material. ’ ' '

Fgure 2, The K x-ray energy shifis as a function of the 0 bmbarding énersya

The errors indicated at EIAUL @ 0 reflect the uncertainty in the

_ sbsolute en:rgy calibration.

Figure 3. The Fe KB/Ka intensity ratios. The lower curve shows the 5 MeV/amy

,

and 10 MeV/amu data as a function of the stopping power of the

,‘ incident ion in the target material. The upper curve shows the

. :at:lo as a function o! bclbard-ing oncrgy for oxygen projectiles
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