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Charge-state dependence dk-shell x-ray production in aluminum by 2—-12-MeV carbon ions
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Charge-state dependence #¢rshell x-ray production cross sections jgAl bombarded by 2-12-MeV
¢C ions with charge states fromt2to 6+ was measured using a(Bi) detector. A thin Al target was used to
ensure single collision conditions. Contributions of the electron capture as well as direct ionization to the
inner-shell ionization were determined by an analysis of the charge-state dependence of the target x-ray
production. The measurements are compared with the prediction of the ECPSSR theory using a single-hole
fluorescence yield. The ECPSSR theory is based on the perturbed stationafPS@tormalism and rela-
tivistic effects(R) for the target electrons, and energy 685 and Coulomb deflectiofC) of the projectile. In
general, this theory gives reasonable agreement with the data for carbon ions Withvaatincies while it
overpredicts the data for carbon ions withvacancies. The significant underprediction of the data at the lowest
energy is likely associated with the molecular-orbital effect that is not accounted for in the ECPSSR theory.
[S1050-294{@6)05706-X

PACS numbds): 34.70+e€, 34.50.Fa

I. INTRODUCTION EC or charge transfer to vacancies in the ion passing the
target becomes important. This is valid for the region
Inner-shell ionization produced by charged particles hag,/Z,<1 andv;/v,s<1. The MO promotion comes into
been studied intensively in recent decades. The literature fgslay in symmetric and very slow collisions where
K-shell x-ray studies indicates a strong need for heavy-iorz, /Z,~1 anduv,/v,s<1. First-order Born or equivalent
measurements to clarify the noticeable deviation of the theoapproximations—such as the plane-wave Born approxima-
retical calculations from the data. Electron capt(&€) to tion (PWBA) [3,7], the semiclassical approximati¢SCA)
projectile vacancies has been shown to enhance target x-rgg], and the binary encounter approximatio(BEA)
yields for heavy-ion impadfl]. It is known that direct ion- [9]—give noticeable deviations when compared to the avail-
ization (DI) is nearly independent of the projectile chargeable experimental results of heavy-ion collisions. With the
state for inner electronic shells. Previous work by McDanieladdition of a semiempirical EC to the existing DI theoretical
et al. [2] for 52-MeV 1,Si%* ions incident on,,Ti, »,CU,  cross sections for the inner-shell ionization, Gardetal.
and 3,Ge discussed projectile electron—target-electron interf10] obtained good agreement between the theory and ex-
action as a possible mechanism that could enhance the targsdriment for ,qCu K-shell x-ray production by incident ions
K-shell x-ray production with increasing number of electronsfrom hydrogen to chlorine. The EC contribution was intro-
on the projectile. However, the present data for incidgdt duced by Nikolaev's [Oppenheimer-Brinkman-Kramers-
9* jons with two or more electrons bombardingAl did not  Nikolaev (OBKN)] developmen{11] of the Oppenheimer-
exhibit any differences in x-ray production cross sections. IBrinkman-Kramerg$12,13 theory. It was proposefdl0] that
also has been observed that if electron capture contributiortte OBK calculations should be scaled down by semiempir-
are included, then theories give a better fit to the experimenical factors to fit the experiment. By going beyond the first-
tal results of these complex heavy-ion interactions. Innerorder Born approach, the ECPSSR the(®yandt and Lapi-
shell ionization in ion-atom collisions proceeds through threecki [14] for DI plus Lapicki and Losonsky15] and Lapicki
basic channels: D[3], EC [4], and the molecular-orbital and McDaniel[16] for EC) achieved overall better agree-
(MO) promotion[5]. These channels become important in ment with the dat@17,18. The predictions of EC have been
various regions of the Madison and Merzbacher figife  extensively investigated; however, as yet no comprehensive
that classifies collision systems according to two parameterstudies have been made in which charge-state effects were
Z,1Z, and v,/v,g, WhereZ,; and Z, are the respective systematically considered. The ECPSSR theory is based on
atomic number of the incident ion and the target atomis  the perturbed stationary staeSS formalism and relativis-
the velocity of the ion, an@ ,s is the velocity of the target tic effects(R) for the target electrons and energy I¢&s and
inner S-shell (S=K, L, M, etc) electron. DI of the target Coulomb deflectior{C) of the projectile.
inner-shell electron to the continuum dominates the interac- The contribution of EC as well as DI can be inferred from
tion for strongly asymmetric and fast collisions where charge-state dependence of target x-ray prediction. The tar-
Z,1Z,<1 andv4/v,g>1. For the less symmetric collisions, gets must be very thin so that the interaction occurs clearly in
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TABLE I. K-shell x-ray production cross sectiofis kilobarng of aluminum bygC%" ions with energies
E, from 2 to 12 MeV, for charge statg+. okx are the measured-shell x-ray production cross sections for
the 0.14ug/cm? aluminum.oE§PSSRare theK-shell x-ray production cross sections taken as a product of
K-shell ionization cross section according to the ECPSSR theory arii-#ieell x-ray fluorescence yield in
13Al according to Krause[49]. Ratios of the measured cross sections to the ECPSSR prediction,
oxx oK SSRandv /v, are shown in the last two columns, wherg/v  is the projectile velocity scaled

by the orbital velocity of the targe€-shell electron.

E, q(+) oxx (kb) UE%PSSR(kb) oKX /UE&PSSR vqlvok
(MeV)

2 2 0.058-0.008 0.022 2.62

2 3 0.056:0.008 0.022 2.51 0.20
2 4 0.058-0.010 0.023 2.60

4 2 0.670.08 0.83 0.81

4 3 0.64t0.09 0.83 0.77 0.29
4 4 0.670.09 0.83 0.80

4 5 1.106:0.15 2.4 0.46

6 2 3.6:0.5 45 0.79

6 3 3.5£0.5 4.5 0.76

6 4 3.650.5 4.6 0.78 0.35
6 5 5.2£0.7 10.7 0.48

6 6 10.6-1.7 16.7 0.63

8 3 9.2-1.6 114 0.81

8 4 9.2£1.7 115 0.80 0.41
8 5 14724 23.7 0.62

8 6 23.1+3.9 33.9 0.68

10 3 13.6:2.1 19.7 0.69

10 4 157423 19.9 0.79 0.46
10 5 21.13.3 37.6 0.56

10 6 34.2-7.9 55.3 0.62

12 4 15.4:3.2 28.3 0.54

12 5 21.9-4.6 49.9 0.44 0.50
12 6 31.3:7.8 71.6 0.44

the single collision realri1,19,2(. For the present measure- ensure that the ultrapurgAl target was thin enough to be in
ments, the experiment was performed with a Quigfem?  the single collision realm, a wide variety of measurements of
ultrapure aluminum target. The charge-state dependendbe x-ray yields versus target thickness were made as a func-
data—which will be discussed in Sec. ll—establish that thistion of both energy and charge state. These data showed that
target is indeed thin enough so that single collisions domithe single collision regime was attained for targets with
nate over multiple collisions in the ionization process. Ac-thickness less than 0.ag/cm?. All of the measurements
celerator studies of charge-state dependence were reportedraported in Tables | and Il are for a 0.1dg/cm? 1Al target.
1972 by Macdonalckt al. [1]. Their work was followed by The EC cross sections were deduced by subtracting the
additional papers from the same groii] as well as from  single collision data taken with carbon ions with filléd
other pioneers in this fielf22—24. A theoretical papef4]  shells (i.e., g=2-4 from those obtained with the fully
suggested that th&, dependence of the x-ray yield could be stripped and single-electrogC ions. From a systematic
accounted for by charge exchange into bound states of theomparison of the data, it is possible to obtain teshell
fully stripped projectile. These early calculations stimulatedx-ray production cross sections produced by both DI and EC.
additional measuremerit$0,20,25—-34at Kansas State Uni- Our study covers the range 2;/v,k<0.5 at
versity. We have been involved with such a charge-state dez, /7,=0.46.
pendence investigation df-, L-, and M-shell ionization
since 197735-41] L Il. EXPERIMENTAL PROCEDURE

In the present worki-shell x-ray production in Al was
measured for incident carbon ions with charge states between The experiment was performed using a 3-MV tandem ac-
2+ and 6+ and an energy range from 2 to 12 MeV. To celerator at the University of North Texas. The experimental
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TABLE Il. Contribution of electron capture t&-shell x-ray production cross sectiom%:((q) (in kilo-
barng in Al by carbon ions withK vacancies §=5 and 6 at energie€€;=4-12 MeV. The experimental
K-shell x-ray production cross sections due to electron captxﬁ‘g%,(qu or 6), were calculated from the
difference of AlK-shell x-ray cross sections, i.erxx(q=5 or 6 —okx(q=4 or 3, for carbon ions with
and withoutk vacancies. The-5; E°"SSRis the AlK-shell x-ray production due to electron capture from the
aluminumK shell according to the ECPSSR theory.

E: a4 o(@=okx(@) —oxx(a=4) oy Ra)  org(@)/oRy "FRa)  vilva
(MeV) (+) (kb) (kb)

4 5 0.43+0.18 1.6 0.28 0.29
6 5 1.6£0.8 6.5 0.25 0.35
6 6 7.1+1.8 12.6 0.56

8 5 55-2.9 13.5 0.41 0.41
8 6 13.9+4.3 24.9 0.56

10 5 5.5-4.0 20.1 0.27 0.46
10 6 18.6-8.2 37.8 0.49

12 5 6.5+5.6 24.3 0.26 0.50
12 6 16.0-8.5 46.8 0.34

E; q UE():((Q):UKX(Q)_UKX(q:‘?’) EC FCPSSRa) UKX(Q)/ EC FCPSSR vlv ok
(MeV) (+) (kb) (kb)

4 5 0.46-0.17 1.6 0.30 0.29
6 5 1.7+0.8 6.5 0.26 0.35
6 6 7.21.7 12.6 0.57

8 5 55-2.8 13.5 0.41 0.41
8 6 13.9+4.2 24.9 0.56

10 5 7.6-3.9 20.1 0.38 0.46
10 6 20.78.2 37.8 0.55

procedures, details, and setup have been described in pre¥dr the measurement of both the number of incid&a ions

ous paper$40,41]. The 3-MV tandem is not capable of pro- and the number of target nuclei per éniThe efficiency of
ducing large quantities of highly stripped ions and there- the x-ray detector has been the subject of several studies by
fore a post acceleration foil stripping chamber was addedur group[43], and by now this efficiency as a function of
immediately after the tandem. It was found that the so-callex-ray energy is very well known. The Al targets were pro-
“super strong” stripping foils[42] had sufficient lifetime to  duced by evaporating ultrapure aluminum ontq.&/cm?

do the experiment. The basic difficulty is that these foil strip-carbon foils that had been previously cleaned by techniques
pers have to withstand the total beam flux from the tandenthat were developed and described previoudy,44,4].

for a long period. Some of the single data points required aMeasurements of these carbon foils show that contaminant
much as 15 h of beam time to acquire reasonable statistics ilements on the cleaned targets have effective thicknesses of
the peaks of interest. When a foil breaks during a run, it idess than 1 ng/cth The aluminumK-shell x-ray spectra
necessary to start over at that energy because the strippeere therefore very clean even with run times of 15 h.

foils vary slightly in thickness and hence tlie/dx may As mentioned above, the single collision region was
critically change the magnetic field setting necessary for théound by making a series of Al targets from 12.5 to 0.14
charge state being studied. The magnetically selected chargey/cm?. The “effective” K-shell x-ray production cross
state of proper energy was directed onto the Al targekections were measured as a function of the target thickness
through a pair of collimating slits that gave a 1-riltheam  for each target at an energy of 8 MeV for charge states 3
spot. To overcome the current integration problem, which ist+, 5+, and 6+. Figure 1 shows that at 0.14g/cm? the
always present for highly charged, heavy ions, the Ruthersingle collision regime is clearly established. To calculate the
ford scattered ions were simultaneously measured at 45° anffective” x-ray production cross sections exhibited in Fig.
169°. In the cross-section determination, the simultaneous, corrections for target thickness and x-ray attenuation were
measurements of scattered ions and x rays eliminate the neethde. The following expression was used:
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charge state of the measured cross sections. It can been seen
] that the single collision region is reached at thicknesses less
24 1 than about 0.3.g/cm?. As mentioned above, all DI and EC
data reported in this paper are based on a @.g/m?

15Al target (i.e., abow 5 A aluminum foil.

Table | gives a summary of the measured cross sections
for Al K-shell x-ray production for the 0.14g/cm? target.
Data are presented as the ratios of the experimébisthell
x-ray production cross section to the ionization cross sec-
tions of the ECPSSR theory multiplied by the single-hole
fluorescence yield of Kraugd9]. These ratios are displayed
i ] T, as a function of the projectile energy as well as its velocity

Aluminum thickness (ug/cm?) scaled by the targd€-shell electron velocityy /v -
Multiple ionization due to the bombardment of a target

FIG. 1. “Effective” K-shell x-ray production cross sections in \yijth heavy charged particles could possibly change the fluo-
aluminu_m asa function of the thickness of the Al target for 8-MeV agcence yield for th& shell[50]. The single-hole fluores-
carbon ions ywth charge states-34+, 5+, and 6+-. The curves are  ~ance yield may be inadequate when a large amount of mul-
polynomial fits to these data. tiple ionization of the target atom is induced by heavy-ion

impact. Multiple ionization perturbs the electron binding lev-
(dog/dQ)dQ 7xYix AE\"672(  ut els since it reduces the screening of the nuclear charge. Ri-
1_E_1 1—e M) chard and co-worker$51-54 showed that the multiple
(1) inner-shell vacancies produced by heavy-ion—atom collisions
lead to the measurable energy shift of the emitted x rays. The
where Yy is the yield under th&k x-ray peak,e the effi-  main question is, how do multiple vacancies affect the fluo-
ciency of the SlLi) detector for the AK« peak,dog/dQ) rescence yield in aluminum? There is no exhaustive set of
the theoretical Rutherford differential scattering cross sectiomlata in the literature to provide definite answg28,55,58.
(in barns per steradiagndQ) the particle detector's solid Multiple ionization as well as the x-ray fluorescence yield
angle(in steradiah Yy the Rutherford scattering yield;,  vary with the type of primary ion and depend on its charge
and 7 the dead time corrections for x rays and scatteredstate and energy. Tawarat al. [32] showed that the
particles, respectivelyAE the energy loss of the ion in the K-shell fluorescence yield was fairly constant for a solid
finite thickness of the target\E =55 keV as calculated us- 14Si target but did show variation for SiHgas targets for
ing TRIM90 [46] for the thickest target used in the presentincident oF9* ions. A host of other studies have been made
work), s the exponent in the energy dependence of the x-raj19,22,31,55,5pbut the most convincing set of data for the
production cross sectidd7] (s=3.4 for the present 8-MeV current case was presented by Tunnel, Can, and Bf&dla
data, the power of—2 in the same exponent reflects the In their study, the energy dependence of the fluorescence
inverse square dependence of the Rutherford scattering crogigld in a solid Ti target for the incident iongH through
section on the enerdy, of the ion,u is the mass absorption 17Cl with projectile energies 0.5-4.5 MeV/u was analyzed.
coefficient for the AKK x rays[48], andt the target thickness For ¢C ions,wy varied from 0.225 to 0.243, which is merely
which was measured by a quartz crystal thickness monitoan 8% variation.
and confirmed by the Rutherford backscattering with 1.5- Although ¢C bombardment of;Al is expected to create
MeV « particles. The Al target0.14 ng/cm?) used for the more multiple vacancies than igTi of the Tunnellet al.
charge-state dependence experiment was sufficiently thin @xperiment, the fluorescence yield may not rise as dramati-
neglect the energy loss of the beam and x-ray attenuatiogally. The competition between the radiative and nonradia-
within the target. tive vacancy decays is constrained in lighter elements that

The uncertainties in this experiment are estimated to béack a full complement of electrons in thedirandM shells.
between 12% and 25%, including errors from x-ray countingJsing the formulas of Tanigt al, [58] we find that even
statistics 5—-12 % after background stripping and curve fitwith the most favorable distribution of vacancies in Al to
ting, Rutherford scattered particle counting statistics 4—18 %naximize the x-ray vis-ais Auger-electron transitions
due to background, x-ray detector efficiency 12%, solid(which is obtained when there are four vacancies in the 2
angles of the particle detector 1.3%, Rutherford differentialstate and none in thep3state the fluorescence yield is en-

BT 8 MeV C—> Al (K)

X>O0o |
008
Wha o 4

Effective K~shell x—ray production
cross section (kilobarn)

U:
KX YRTRf

cross section 2%, and beam energy 1.5%. hanced by 25%. TheN on ;5Al K-shell x-ray yield spec-
trum of Knudsenet al. [59] is consistent with almost five
IIl. RESULTS AND DISCUSSION vacancies in the 2 state which, using the formulas of Tanis

et al, [58] would result in a 15% enhancement relative to the

From the “effective” cross-section measurements forsingle-hole fluorescence yield. Therefore, in our ionization-
various incident charge states shown in Fig. 1, it can be seen-x-ray production conversion we employ the single-hole
that for a thickness above Gg/cm? the “effective” cross  fluorescence yiel@49].
section for all incident ions is nearly constdat about 13.5 Figure 2 shows projectile charge-state dependence of the
kb). Therefore, for targets thicker than gg/cm?, all inci- K-shell x-ray production cross sections fAl for 2—12-
dentgC3" 456" jons reach the equilibrium charge state in MeV carbon ions. It is noted that the cross sections for
the target. The plateau was found in the data trend for eactharge states2, 3+, and 4+ at 2—8 MeV are almost the
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same, indicating that the electron capture contribution foDI+EC toL, M, ... shells for carbon ion with charge states
carbon ions without & vacancy(EC toL, M, ... shells of 2+, 3+, and 4+ at energies 4—10 Me\EC is included even

the carbon iojpis small compared to that for carbon ions though it is much smaller than DI for these charge sjates
with K vacancies for charge states-5and 6+ (EC to K, while it overpredicts the data of the carbon ions withva-

L, M, ... shells of carbon ions At 10 MeV, the cross cancies =5 and 6 for DI+EC toK, L, M, ... shells by
section for charge statet4is slightly higher than that for about 30% to 60 %. At 2 MeV, the ECPSSR theory under-
charge state 8. This is attributed to the formation of the estimates the data by a factor of 2.6. This significant devia-
1s2s metastable state when heliumlike carbon ions passion appears at the lowest energy where the molecular-orbital
through the postaccelerator strippé6,61] and the fact that ionization could become importaf62—64.

a fraction of metastable ions has longer lifetimes than their Electron capture to thg (S=K, L, andM, .. .) shell of
time of transit through the beam line to the target. The metaan incident ion can only occur if the ion has a vacancy in that
stable carbon ions with charge state 4llow some electron shell. For theK shell, the x-ray production cross section due
capture contributions similar to that of the carbon ions withto direct ionization plus electron capture for carbon ions with
charge state b during the collision since they also have one charge state is given by

K-shell vacancy. As a result, the metastable state condition

contributes a small enhancement to the x-ray production Tux= ok + oS 2
cross sections as seen in Fig. 2 at 10 MeV. For 12-MeV

incident 1%C ions, the appearance of metastable states is ex; . o N
pected to be more prominent than that at 10 MeV. Unfortuiff the direct ionization contributions are assumed to be ap-

nately, we obtained no data on the cross section for Charg%[rommately the same for carbon ions with different charge

state 3 at 12 MeV because of the low carbon beam current ates, i.e., the effects of interactions between the projectile
electrons and the target electrons are assumed to be small,

at this energy. It can be seen from Fig. 2 for carbon ions wit ) :
K vacancies §=5 and 6§ that the cross section increasesqhe K-shell x-ray productlon_cro_ss section due_ to _eIectron
capture for doubleK vacancies in the carbon ion is then

from 35% to 200% as compared to the datader4. Since iven b

DI is essentially charge-state independent, the increase # y

cross sections for charge states and 6+ is attributed to

the contributions of EC. O_E():((Kshell): O_E():((K,L,M, ...shell§+DI _ O_EE:((L,M, ...shells+DI ,

Figure 3 shows the measurdd-shell x-ray production 3
cross sections as a function of the ion beam energy for the Al
target with thickness 0.14g/cm?. The ECPSSR theory us- which also implies thé.-, M-, ... shell EC is basically the

ing single-hole fluorescence yields is shown as the solidame for ions with and withouK vacancies. Thé&-shell
curve. As can be seen in the figure, the ECPSSR theory givesray production cross section due to electron capture for one
a good fit to the data with discrepancies of 20% to 30% forK vacancy is then given by
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FIG. 3. K-shell x-ray production cross sections jgAl for car-
bon ions with charge statest2 3+, 4+, 5+, and 6+. Curves are
calculated from the ECPSSR thedid4-16.

EC(1/2Kshel) _ _EC(1/2K,L,M, ... shell§+DI
OKx ~Okx

EC(L,M, .

_ .. shells+DlI
Okx )

(4)

where 3K andK represent a half vacant and completely va-
cant K shell for the incident carbon ions, respectively. In
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by %" and C%*

—— ECPSSR
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O  This work]
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Energy of carbon ions (MeV)

12 13

FIG. 4. K-shell x-ray production in3Al due to electron capture
to :-ZL K andK shell of the carbon ion as a function of the energy of
the hydrogenlike §=5) and fully stripped §=6) carbon ions. The
curves represent the ECPSSR calculations for the electron capture
[15,18.

=3) and 3 show no significant differences at lower energies
E,=4, 6, and 8 MeV. However, the difference is noticeable
at the higher energ¥,=10 MeV, arising from the meta-
stable state formation as we discussed earlier for the results
displayed in Fig. 2.

Figure 4 shows the extracted x-ray production cross sec-
tions due to electron capture oK andK shell for carbon
ions with charge statest5and 6+. The ECPSSR prediction
is seen to overpredict the measurements by a factor of 2 to 4.
Although the ECPSSR theory for Q5,14 is an improve-
ment over the OBKN approximatiofil1], a significant de-
viation from the measurement still exists.

IV. CONCLUSION

K-shell x-ray production cross sections @Al have been
measured for carbon ions with various charge states as a
function of target thicknessgsee Fig. 1 All of the mea-
surements of charge-state dependencidé-shell x-ray pro-
duction were made for an ultrathin Al targe.14 ug/cnt)
for 2—12 MeV ¢C9" (q=2-6) ions. The AlK-shell x-ray
production cross sections were found to be essentially inde-
pendent of the projectile charge state with filléghells(see
Fig. 2 forg=2-4 at 2—8 MeY. When the carbon ion was
energetic enough, the metastable phenomenog=fot gave
a slightly higher cross section as compared to the data for
g=23 (see Fig. 2 at 10 Me¥ For carbon ions withK vacan-
cies, the enhancement of the target x-ray production cross

Egs.(3) and(4) the DI is assumed to be the same, and indexections was observed because of electron capture t the

pendent of the number of electrons on the ion.

shell of the ion. In comparing the experimeniakhell x-ray

Table Il tabulates all contributions of electron capture toproduction cross sections for both DI and E@e Fig. 3, we

the Al K-shell x-ray production cross sections. The ratios of;

the extractedot(q) to the calculatedrgy =<755q) are

also listed. The EC cross section§y(q) for g=5 and 6
were obtained, respectively, by a subtractiorogf(q) for
g=4 or 3 from the x-ray production cross sectiomgy(q)
for =5 or 6. As seen in the third column of Table II,
ok5(q) values based on subtractingky(q=4) or ox(q

ound that the ECPSSR theory overpredicts the data by 20%
to 45% forq=2-4 and factors of 1.5 to 2.3 fay=5 and 6
while it underestimates all the data at 2 MeV about 60%. The
underprediction of the measurements at the lowest energy
might be due to the opening of an efficient channel for ion-
ization via molecular-orbital promotion which has not been
included in the ECPSSR theory. The measured electron cap-
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