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M -subshell x-ray production cross sections of Au induced by highly charged F, C, and Li ions
and protons: A large enhancement in theM 5 fluorescence yield
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M-subshell x-ray production cross sections are measured for Au, induced by F ions in the energy range of
20 to 102 MeV. For a comparative study the measurements are also carried out for protons, He, Li, C ions at
a few energies. We have derived the absolute cross sectiomd dgt and M y x rays as well as the totdfl
X-ray cross sections. The intensity ratibéy)/I («B), of theM(y) andM(apB), as well as the energy shifts
of these lines signifying multiple vacancies in outer shells have also been studied as a function of projectile
atomic number. The measured cross sections are compared with available theoretical calculations, namely, the
ECPSSR based on the perturbed stationary §&88 approximation including the effects due to the increased
binding energy, Coulomb deflectidf), energy los$E), and relativistioqR) wave function. In case of thil y
the measured cross sections are much higher compared to the ECPSSR prediction which is attributed to a
dramatic enhancement in tf\é;-subshell fluorescence yield owing to multiple vacancieblisubshells. The
enhancement strongly depends on the projectile atomic number.
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[. INTRODUCTION state ions are essentially due to Coulomb ionization oMhe
shells.

The ionization of the inner atomic shells by highly It may be mentioned that the heavy ion induced ionization
charged particles is an important field of atomic collisionis more complicated since the process gets influenced due to
physics from both the theoretical point of view and applica-the strong distortion of the initial target state by the highly
tions. For highly asymmetric collisionZ;/Z;<1), where charged ions. It has been shown that the so-called two-center
Z, andZ; are projectile and target atomic numbers, the direceffect and postcollision interactions strongly influence the
Coulomb ionization mechanism is a dominating processlectron angular distributions in ionization of outer-shell or
[1-4]. Over the years a lot of work has been donekerand  loosely bound electrons in collisions with heavy projectiles.
L-shell ionization whereas very little is known regarding theln case of inner-shell processes additional complications
M-shell processes. The studies Mrshell ionization provide arise due to the multiple ionization in the outer shells which
more insight into the collision process since it possesses fiveauses a substantial change in the x-ray fluorescence yields
subshells, giving rise to a much more complex system Kian (w;, for theith subshell. In fact, it is demonstrate22,23
shell or everlL shell which has only three subshells. To the that such enhancements are not necessarily of the same mag-
best of our knowledge, there are very few experiments camitude for all the subshells. For exampte, ;, for L, sub-
ried out onM x rays and most of them are confined to [@dw shells has been found to be dramatically enhanced in colli-
projectiles like proton or alpha particl¢s5—13. Only a few  sions with heavy ions whereas such enhancements i the
experiment$14—16 are carried out which use heavy ions asor w5 are not so high. It may also be noted that such en-
projectiles and thin foil targets. However, for the measure-hancements, due to the interplay of Coster-Kronig transition
ments with heavy ions, in which thick targets are usesl,  strength and the radiative transition probabilities, are difficult
about 30—4Qug/cn¥), the projectiles may exit with equilib- to be predicted by the model calculations and therefore need
rium charge states and tihé-shell electron capture will also to be measured especially in the presence of multiple outer-
contribute substantially in thil-vacancy production. There- shell vacancies. However, it is required to have such inves-
fore, for such thick targets, the x-ray yields cannot be takenigations in case oM-subshell ionizations as well as the
as a measure d¥l ionization or transfer only. To overcome predictions on the subshell fluorescence yields. Here we
these problems one normally uses very thin tar¢gte[17]  present the measurement of the td¢ak ray, Ma8 andM y
for a review as has been done in Reféd4-16 for M shell  cross sections for Au in collisions with highly charged F ions
and Refs[18-21] for K shell. We have also measured the as projectiles with energy ranging from 20 to 102 MeV. In
contribution in theM-shell x-ray yields due tdl-shell (tar-  order to make a comparative study of the subshell ionization
ged to K-shell (projectile electron transfer by studying the and the fluorescence yield enhancement for different projec-
charge state dependence of the x-ray yields. Using H-likeiles, we have also measured these quantities for proton, He,
and bare ions of F we found the x-ray intensity enhancesi, and C ions at a few energies. The collision symmetry
substantially over that for low charge stdt#led K shell for  parametelS (=Z,/Z,) is varied between 0.01@or proton
which noM-K transfer is possible in thin target®ns (see  and 0.114(for F), signifying an asymmetric system. The av-
below). The x-ray yields obtained by using these low chargeerage values of the reduced velocity/v, range from 0.45

to 1.03 for F ions. Here the, andv, are the projectile and
the M-shell electron average orbital velocity, respectively.
*Email address: lokesh@tifr.res.in The velocity range corresponds to the low to intermediate
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range in which the ionization process gets largely influenced 10’ 7/—77+—"1T"—"—""—"1T"——"—"1"——"1" 7
by the increased binding energy as well the Coulomb deflec- ]
tion. Also the probabilities of various processes such as
M-shell excitation M-ionization, andM-shell electron trans-
fer will have similar orders of magnitudes at the intermediate
velocity range. Hence this regime provides a very good plat-
form to provide a test to the theoretical models. The existing
data on totaM x-ray cross sections by Meh&t al.[14] on
the similar collision systems cover a small energy rafhegs
than 35 MeV. On the other hand, the present investigation
spans on a wide range of ener@0—102 MeVf and we have *2
measured absolute cross sections ¥bag as well as the 3 10° 7
My lines in addition to total cross sections. These studies®
therefore provide a crucial test for the various models of
inner-shell ionization, e.g., the plane-wave Born approxima-
tion (PWBA) [3], the semiclassical approximatiqi®CA),
and the perturbed stationary stdESS approach, including 107
correction factors for projectile energy lo$g), Coulomb ]
deflection of the projectildC), and the relativistic motion
(R) of the orbital electron$ECPSSR [4].

It may be mentioned that the electron clouds in Me
subshells can be strongly affected by the projectile ions

F* on Au
] 95 MeV

which penetrate deeply inside to ionize thlesubshells and 10"
as a result the variousl subshells can be mixed with each 1.0 15 20 25 3.0 85 4.0
other and may influence the ionization process. The effect of E(keV)

subshell couplings on thke-subshell ionization process has _
been studied26,27 along with the investigation of the an- FIG. 1. M x-ray spectrum(background subtractgdf Au in
isotropy in theL x-ray emission[28,29. It is, however collision with 95 MeV FB*. The different components are indicated
shown that such coupling is important only in case of low!n the figure.

energy(less than about 2 MeV) [26] collisions.
obtained, during the measurement, by counting Rutherford

scattered particles at 135° and 45° to the beam direction
using two surface barrier detectors. The total count rate un-
The experiment was performed with the 14 MV BARC- der the x-ray spectrum was kept well below 500 counts/s in
TIFR Pelletron accelerator at TIFR, Mumbai. Heavy ions oforder to reduce the pile up. The beam current was measured
F4 (20 MeV), B> 78+ (30 MeV), F+ 7+ 8+.9% (40 MeV), from the entire chamber which was electrically isolated.
Fo+.8t.9% (57 MeV), /82" (76 MeV), F'* (85 MeV),
F/+:8.9% (95 MeV), and F™°" (102 MeV) were used for
the measurement. In addition, protod$ MeV), He"* (36
MeV), Li®* (28 and 36 MeV, and C(48 MeV) ions were Typical M x-ray spectrum of Au is shown in Fig. 1 for 95
also used for a comparative study of the cross sections, pe@keV F bombardment. As it is clear from the figure that the
energy shifts, and the intensity ratios. The mass and energyl x-ray spectra are quite complex, since some of the ob-
analyzed ion beams were made to fall on thin targets of Awserved peaks represent several components ofvtheray
(1.72uglen?)  on carbon backing (of thickness transitions which normally cannot be resolved by &LSi
~10 ugl/cn?). While preparing the carbon-backed targetsdetector. However, four different groups of lines are visible
special care was taken for the purity of the carbon foil toclearly, such adi¢, MaB, My, andM30, 5+ M;N,. The
minimize the background from loiZ impurities in C foil M ag line arises due to vacancy in th&, /M5 subshells and
(such as Cpthat overlaps thé/ x-ray spectrum. The targets M1y is due to the filling of theM; vacancy M3N5 transi-
were mounted at 90° to the beam direction on a rotatabléon). The intensities of these lines therefore provide infor-
multiple target holder assembly in an electrically isolatedmation regarding the probability of vacancy formation as
chamber. The vacuum inside the chamber during the experiwell as the radiative transition or the subshell fluorescence
ment was~ 10 Torr. yields. In Figs. 2a)—2(e) we display the similar spectra ob-
The x rays emitted from the target were detected by aained by different projectiles, such as He, Li, C, and F
Si(Li) detector with a 25 um-thick Be window and having ions. The shift of the various lines are clearly visible com-
160-eV resolution at 5.9 keV. The intrinsic efficiency of the pared to that for protons, as indicated by vertical lines which
detector was measured using standard radioactive sourcesrrespond to thé/l a8 peak for proton impact.
and PIXE (proton-induced x-ray emissipriechnique. The The peak areas in the x-ray spectra were estimated using a
detector was mounted inside the vacuum chamber at anglesulti-Gaussian least-square-fitting program with the possi-
55° to the beam direction. The thickness of the targets werbility of choosing variable width of the lines and background

Il. EXPERIMENTAL DETAILS

I1l. DATA ANALYSIS
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TABLE I. M x-ray production cross sectiongr{z, o,, and
Ootal) due toM-subshell ionization of Au induced by F ions. Typi-
cal errors are about 15-20 %.

Target Energy o,z (barn o, (barn Oiotal (barn

(MeV)
s Au 20 21400 3593 41975
10 T o A (®) 30 52200 12500 98210
36 MeV 40 90500 11440 132250
10™ ¢ 57 121000 17000 185150
76 130000 20500 261050
10°% 85 150000 26300 247250
95 105000 20300 186990
102 150000 22400 161000
10*4
2 . : intrinsic efficiency of the SLi). Equation(1) was used to
§1° calculate the x-ray production cross section only at low en-
ergies, i.e., below the Coulomb barrier, above which the nor-
10° malization was done by measuring total beam current and

C* on Au @

48 MeV

target thickness.

The uncertainties in the measured cross sections in Table
| were estimated to be about 15-20% which include the
errors due to counting statistics, background subtraction, de-
tector solid angles, the target thickng880), and the effi-
ciency of the SiLi) detector(6—10 %).

The x-ray production cross sections for differémtx-ray
lines related to the ionization cross sections for different sub-

10 F™"on Au shells(r! (i=1,2,3,4,5) ofM shell in the following way:
N 85 MeV
4
103- \ O—K" 1023= U|1w1FM1023/F My (2)
102- X | |
oM,0,,~ 1812t 03]wal"v 0, /T, ()

10'4 . : po it}

! 2 3 4 5 0 =[0 (S5t S1,59) + oSyt oh]wsly Ty, (4)

E(keV) Y 109137 212923 22237 O3]Wzl M /1 My

FIG. 2. M x-ray spectrum of Au in collision wittia) proton, (b)
He™ ", (o) Li®", (d) C°*, and(e) F'* with different beam energies

0% =[ 0 (Si5+ S14S45+ S13534Sus+ S13S35+ S1252553455

as indicated. The vertical dotted line indicates the peak position
under proton impact. The different components are indicated in the
figure.

+ 51,55+ $15523535+ S12524Su5) + TH(Sost SpaSus
+ 52353445+ S73538) + 05( S35+ S34Sus) + 04 Sus

[
function. From the measured x-ray yields the x-ray produc- + US]wSFMa/FMs' (5)
tion cross sections were estimated using the following rela-
tion: o) )g(l =[ ) (S1s+ S14Sas+ S13834Sus+ S13Sa5+ S15S03+ SaaSus
4l W AQ, + 8155051 $15523835+ S15524545) T T2 Sost SpaSus
or= el A ?2 , (1) +S53834Su5T S23S35) + 0(Sast S3aSss) + 04 Sus
X

whereg? is the x-ray production cross section of titk line
of the M x-ray spectrum], being the measured x-ray count
under theith line. The quantitydog(6)/d(}, is the differen- Eq

+0!5]w5TM§1/TM5. (6)

uations(2) to (6) link the experimentally measured line

tial Rutherford scattering cross sectioky is the particle intensities to the five unknown subshell ionization cross sec-
count measured by surface barrier detecid, is the solid ~ tion oj (i=1,2,3,4,5), whereS; are super-Coster-Kronig
angle subtended by the (5i) detector,AQ), is the solid factors calculated by McGuirg24] and I'y, are radiation
angle subtended by the surface barrier detector,eaiscthe  widths for theith subshell calculated by Bhall@5].
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FIG. 3. Measured x-ray production cross sectiongapfM a3, total oo
(b) My lines as a function of charge states, showing the contribu- ; 5 ] prete]: o m]
tion due to ionization(in the case of the lowest charge sjatad 0 3 0/3/“’——_—4 E
M-K electron transfeffor H-like ions). Data for two different beam ] ) 4 ]
i 10*3 g% gt & Y8, ]
energies are shown. 3 s, @ 8513
3 o 1 =R
. 3 (C) 0 20 40 £0 80 100 ]
These above equations have been used to calculate theo- 10 2'0 4-0 6-0 ' 8-0 ' 160
retical x-ray cross sections for different lines. The required E(MaV)

subshell resolved ionization cross sections were taken from
ECPSSR calculations and then plotted against experimental FIG. 4. Measured x-ray production cross sectiongapM a3,
Cross sections. (b) My lines. The totaM x-ray cross sections are shown(@). The
solid lines correspond to the ECPSSR predictions. The open circles
in (c) are from Ref[12]. The insets show the ratio of the data to the

IV. RESULTS AND DISCUSSIONS calculations.

A. M-subshell ionization shown in Fig. 4c). The only existing total cross-section data
Examples of the charge state dependence of the x-ray prder low-energy F iong 14| are also plottedsee the open
duction cross sections are shown in Fig. 3, for two givercircles in Figs. 4c)]. It can be seen that the present experi-
beam energies. It may be seen that for H-like i¢asd also  mental cross sections are in fairly good agreement with the
for bare iong there is an enhancement of the x-ray crossearlier data sets. However, the calculated total cross sections
sections over that for the lowest charge state ions for whiclfall below the experimental data by about 40—50 % except at
the K shells are filled. This is known to be due to theK  the highest energy and the discrepancy arises due the large

electron transfer which gives rise to additiondleB (and  disagreement in case M y cross sections.
alsoM vy) x-ray yields. For the F ions the contribution in the ~ The similar cross sections for the other light ion projec-
M a g yields due to theM-K transfer is found to be about tiles are shown in Figs.(8)—5(h). It can be seen that a good
25-30 % ofM ionization(see Fig. 3. In the rest of the paper agreement is found between the,; data and the theory,
we will discuss about the x-ray cross sections for the lowesonly for protons[Fig. 5@)]. In the case of 13" [Fig. 5c)]
charge statefi.e., with ions with filledK shell§ which arise and C™ ions[Fig. 5f)] the deviation increases and the cal-
due to theM ionization only. culations underestimate thé a8 cross sections. In case of
We show, in Fig. 4, the measured x-ray production crosM y the deviation is larger compared to that fdra8 lines
sections for theM a3, My, and totalM x ray as a function even for the proton beaifFig. 5b)]. These deviations are,
of the beam energy. The cross sections derived for lovhowever, even larger for the [[Fig. 5(d)] and C[Fig. 5(g)]
charge state ions, i.e., with no vacancies in khehell, are ions. The calculations, however, reproduce the total cross
taken as due t ionization. The theoreticdECPSSRcal-  sections for Li iongFig. 5)] and underestimates to some
culations are shown by solid continuous lines. It may be seeextent for the C iongFig. 5h)]. In may be noted that for
from Fig. 4a) that the ECPSSR closely agrees with theH-like C ions there will be some contribution due to the
Map cross sections for Au in the low-energy part and re-M-K transfer in the x-ray cross sections which will be small
produces the data very well for the higher energies. The infestimated to be below about 10%r M «aB. Therefore in-
sets in the figures show the ratio of the experimental data telusion of the capture contribution in the calculations will
the ECPSSR predictions. reduce its difference with the measured data, but only by a
In case ofM y line, this deviation is very large, the theo- small amount.
retical cross sections being about a factor of eight lower To investigate the large discrepancy in the caseMiof
compared to the dafé&ig. 4(b)]. The total cross sections are cross sections we have plotted, in Fig. 6, the intensity ratios
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FIG. 5. Measured cross sections Mfa3, My lines and the
total M x rays for protong(a) and (b)], for Li** [(c), (d), and(e)],  theory to reproduce thkl; andM, 5 vacancy probability.
and for &* ions [(f),(g),(h)]. The solid lines correspond to the The energy shifts of thi1 «8 andM vy lines compared to
ECPSSR predictions. their predicted positions, on the other hand, are purely
caused due to the existence of the multiple vacancies in the

I(y)/I(aB). Figure 6 shows that this ratio varies betweenou_ter. shells at the time of x-ray emission. In case of Au, this
0.15 to 0.24. A comparison with the ECPSSR is also made i§hift is about 6710 eV for Map lines (AE,p) and about
this figure and the data fall much higher compared to théhe same for theévl y line. The shifts for He, Li, and C ions
calculations. This ratio reflects the multiple vacancy in the@r® found to be about 15, 20, and 36 eV, respectively, for
outer shell as well as the vacancy probabilities in differdnt M a/ lines. These shifts are found to increase sharply as a
subshells. The ratio, as a function of Zis plotted in Fig. 7. function ofZ, (also shown in Fig. X In fact, AE,; increases

It is clearly seen that the deviation of the measured ratignore rapidly than the intensity ratin Fig. 7.
from the ECPSSR prediction gradually increases with z ~ The shifts as well as the higher intensity ratios signify
which shows the effect of multiple vacancy production for Multiple vacancy production in the outer shells simultaneous
high Z, projectiles. The ECPSSR does not reproduce thavith M vacancy of the target. This, in turn, results in the
dependence of this ratio on,znd falls well below the ex- en_hancement of the fluorescence yields. In part!cular, it is
perimental data, even for the lowest atomic number projecevident from the present data that the cross sectiorMfgr
tile. However, the deviation is caused partly due to multiple(i-€-, M3-Ns), which arises from a3 vacancy, is largely

vacancies in outer shells and partly due to the inability of thdnfluenced by the multiple vacancy in outer shells and there-
fore the fluorescence yield for thd ; subshell is enhanced

dramatically. This is due to the fact that due to multiple
. vacancies in th&l-subshells some of the Coster-KronigK)
F+Au transitions cannot take place and therefore the radiative pro-
T cess dominates giving rise to higher x-ray cross sections
. compared to the theoretical predictions. This may be more
clear from Table Il in which we show the values of CK
transition probabilities and the subshell fluorescence yields
E . for Au. It may be worth noticing that the CK transition prob-
ability S;5 (arising due to a vacancy in MM is much higher

0.4 4
0.3 H -

02 (almost a factor of 200 largeompared tavs. Therefore any

L]
i [ ] [] i E 1 multiple ionization in theN subshellgespecially inN5) will
reduce theS;; drastically since a particular CK chanrislich
asM;—M;Ng) could be blocked giving a larges. In the
1 case of the vacancy in thd,, the w, and the corresponding
' . ' ' . CKrate S5 have comparable values and therefore there is no
20 40 60 80 100 120 drastic enhancement in the,. So no such large deviations
E(MeV) are observed for tht! 8. A similar dramatic enhancement
(by a factor of 2.5in the L;-subshell fluorescence yields for
FIG. 6. The intensity ratio§l( y)/I(«8)] of the cross sections YD and Au has been noticed in collisions with F ions due to
of MaB andM y lines for F-ion impact with different energies. The the multiple vacancies and has been explained as an interplay
ECPSSR prediction is shown as a line. between the CK rates and thg [22,23.

ratio [ (y) / | (aB)]
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TABLE Il. Atomic parameters related tM; and M, vacancy " e e B B B B B S B B
fillings used in the calculatioffor Au), i.e., the CK rates and fluo- 9_' Au ]
rescence yields. 1 —o—y

8-. —8—of ]
(OVE] Suza Suzs Omg Smas Wms 71 H:16 MeV/u ]
2o 1 .
420<10°° 0114 0782 00264 0.046 0.0256 poq ianuell 1
&1 : eViu
6" %7 Fi4Meviu ]

The ratios of the experimentally measured x-ray cross \%4- 1
sections ey of the My line to the ECPSSR predictions e 3] ]
(0ecpsspg are shown in Fig. 8 as a function &,. The 5] E ]
similar ratios for theM a8 line are also shown in the same ] E/E/
figure. The projectiles are having slightly different energies. i L ]
However, since the ratios do not change appreciably in the o
present energy range, the projectiles with slightly different 6 1+ 2 3 4 5 & 7 8 ¢ 10
energies can be used to have a comparative study. In case of z,

MapB the ratio is very close to 1.0 for protons, implying a
good agreement with the calculations. The deviafiisam FIG. 8. The ratios of the experimental data to the ECPSSR

1.0) for other projectiles are clearly seen to increase \&ith ~ Predictions for the x-ray cross sections as a function pf Zhe

and become a factor of about two for the F projectile. Thebeam energies are indicated in the figure. The ratios are shown for
ratio for the My line is, however, at least a factor of two both theM aﬁ qnd My lines. The dashed line corresponds to the
higher compared to the expected valile., ong even for the ~ €xPected ratio i.e., 1.0.

lowestZ, projectile, a proton. The deviation increases rap- i . .
idly as a function ofz, from a value of two for a proton to and C ions. Total cross sections as well as the cross sections
about seven for an F projectile. One would have expected t8f different M x-ray components, such a@d«g and My

have an approximately similar deviation from the theory forlines, are measured. In the case of tey the measured

the M8 and theM v lines. Comparing the deviatiorfse., ~ CrosS sections are much higher compared to the ECPSSR
the ratios in Fig. Bin the cases of thtlaB andMy lines prediction, which is attributed to a dramatic enhancement in
one may conclude from the additional deviation kory that ~ the M3 subshell fluorescence yield owing to multiple vacan-

the ws could be enhanced by about a factor of 3.5 for F ionscies in N subshells. The deviations are much less for the
These enhancemenivg/w3) factors are about 2.0, 2.2, 3.0 M a8 cross sections. The measured energy shifts of the x-ray

for p, Li, and C ions and therefore increase strongly with thelines and the enhanced intensity ratios compared to the single

projectile atomic numbers. These estimates will provide very'0l€ Value indicate a substantial multiple vacancies inNhe

important input to calculate the effective fluorescence yieldsUPShells. A quantitative estimate of the enhancement in the
under heavy ion impact. w3 has been predicted as a function of projectile atomic

numbers.

V. CONCLUSIONS
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