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L -shell resonant transfer excitation in CW*+H, (q=18,19 collisions
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Resonant transfer excitatifRTE) involving L~ *Mn (n=M) resonant states has been investigated for
Na-like and Ne-like C#" +H, collisions (=18 and 19. The M- to L-shell x-ray production cross sections
(RTEX'’s) of these resonance states are studied by x-ray projectile ion coincidences. Previous measurements of
L-shell RTEX for N (q=28-31) ions showed the measured cross sections to be nearly a factor of 2
smaller than the calculated ones. For'€uthe present results show the position and width of the measured
RTEX maximum cross section to be in agreement with the calculations; however, the measured absolute cross
sections are about 60% higher than the predicted ones. In the case of NedKepBnjectiles, the metastable
component in the beam made it impossible to observe RTEZ$050-294{R7)07309-5

PACS numbd(s): 34.70+e

I. INTRODUCTION first formulated theoretically by Brai6], who developed a
In atomi llision involving i d at th unified treatment of these two processes using the impulse
n atomic collision Involving 1ons and atoms there are approximation. In RTE, the target electron can be considered

three Important categories of processes: excitation, 'on'z_ar'gjasifree if the projectile Velocity is much Iarger than the

tion, and charge transfer. In many situations one can descriig get electron velocity. However, these quasifree electrons
the phenomena which occur only by taking into account theyre ng Jonger monoenergetic as in the case of DR, but have a
Coulomb interaction between the participating nuclei and th@naracteristic momentum distribution, the so-called Compton
electrons. However, there are some notable exceptiongyofile. In the framework of the impulse approximation it is
where one cannot neglect the interaction between electrongssumed that during a fast collision the momentum wave
and, indeed, sometimes this interaction is dominant. In th@unction of the target electron is undisturbed.
past decade there has been much interest, both theoretically RTE was investigated by several groups either by measur-
and experimentally, to examine processes where théng the x-ray production cross sections in coincidence with
electron-electron interaction is important. According toelectron capture RTEX, or by measuring state-selective Au-
McGuire [1], there are two types of electron correlation: ger electron emission as a function of projectile energy
static and dynamic. The former case has to be taken inttRTEA). For a recent extensive review of RTEX, see Tanis
account in atomic structure calculations, and the latter ong7]; for RTEA, see Zourog8]. RTE has been studied for
may have an important role during certain collision pro-nearly the entire range of projectile atomic numbers, from He
cesses. (Zz=2) to U (Z-92). The most suitable targets for these
A striking example of a process where the electron-studies are those with relatively narrow Compton profiles,
electron interaction has an important role in ion-atom colli-specifically H and He.
sions is the process called resonant transfer excit@Raik), The overwhelming majority of the RTE data and calcula-
first uncovered in the early 198(8,3]. In this process an tions to date is folK-shell excitation[7,8]. In general, the
electron from the target and another from the projectile in-existing K-shell RTEX experimental cross sections are in
teract so that the target electron is captured to the projectileeasonably good agreement with calculated RTEX cross sec-
with a simultaneous projectile excitation, giving rise to ations based on theoretical dielectronic recombination cross
doubly excited intermediate state. This state will subsesections convoluted with the experimentally determiped
quently decay either by the emission of Auger electrons oor theoretically calculatefll0] Compton profiles of the tar-
photons. This charge transfer and excitation occurs in a marget electrons. The results indicate that RTE is well under-
ner completely analogous to dielectronic recombinatiorstood within the framework of the impulse approximation
(DR) [4], which occurs in electron-ion collisions. In DR, utilizing the Auger and x-ray rates of doubly excited states
formation of the intermediate excited state proceeds via théhat determine the DR cross sections.
inverse of an Auger transition, and is resonant for relative There are only a few studies to date for RTE involving
velocities corresponding to ejected electron energies in thexcitation of the projectile. shell[7]. In measurements by
Auger proces$5]. The analogy between DR and RTE was Bernstein and co-workefd 1,12 for different charge states
of 4,4NbY"(g=28-32), the measured RTEX cross sections
were found to increase significantly with increasing charge
*Present address: Kansas State University, Manhattan, KS 66508tate. Theoretical calculatio43,14] overestimated signifi-
"Present address: Oak Ridge National Laboratory, Oak Ridge, T¢antly these RTEX cross sections, contrary to the good
37831. agreement previously found between theory and experiment
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FIG. 1. Charge-state dependence of RTEX cross-section Most calculations ofopg(E.) make use of perturbative
maxima. See Ref7] for citations to original dataa) K shell.(b) L methods, involving independent processes and the isolated-
shell. resonance approximation. These results compare favorably

with experimental measurements whi€érshell excitation is
for K-shell RTEX. A comparison between theory and experi-involved [4,7,§], but overestimate the experiments roughly
ment forK- andL-shell RTEX cross sections is presented inby a factor of 2 wherl-shell RTEX[11,12 or DR [15] is
Fig. 1, which is taken from Ref7]. Furthermore, in a recent involved.
DR experiment by Linkemanret al. [15] using Na-like In an earlier calculation by Badne]ll4], LS coupling
Fe'>" ions, the theory overestimated the experiment bywas used for Na-like 4Nb%®" and only the
roughly a factor of 2. However, a more recent improved2p®3s3Inl’configurations were included in the basis de-
calculation has removed some of the discrepdri®y. scribing the resonance states. The other configuration involv-

To further address this discrepancy between experimerihg a 2p hole and twoM-shell electrons, i.e., ?3p?nl,
and theory forL-shell RTE(or DR) cross sections, we began 2p®3p3dnl, and 2°3d?nl, were not included in this basis.

a systematic investigation df-shell RTEX using different A new set of calculations using intermediate coupling was
charge states of copper ions. A schematic of the RTE proceggerformed which includes configuration interacti@@l) be-

for a Na-like Cd®* ion is presented in Fig. 2. In Sec. Il we tween the directly accessiblep23s3Inl’ configuration and
present briefly the improved method of calculatingshell ~ the other configurations mentioned above. All calculation
RTE cross sections, in Sec. lll we describe the experimentalsed the programUTOSTRUCTURE[17]. The RTEX cross
methods used, in Sec. IV we present the results obtained arsg:ctions were obtained from the DR cross sections by aver-
the interpretation of the results, and in Sec. V we present aging them over the Compton profil@] of H,, taking into
short summary and conclusion. A detailed discussion of thaccount the binding energy of the target electrons. Details

theoretical calculations is presented elsewhéf. and results which demonstrate the effects of configuration
interaction and intermediate coupling are presented in a
Il THEORY separate papdi6]. It is noted that the inclusion of the ad-

ditional configurations brings theory more in line with ex-
For high projectile energies where the impulse approxiperiment. This is apparently due to the fact that ClI, com-
mation [6] is valid, the RTEX cross sectiongre(E,) for  bined with configuration which cannot radiatively decay to
ions incident on atoms or molecules is related to the DRbound states, tends to redirect DR probability to other decay
cross sectiongpr(E,), for electors incident on the same ion: channels.

/ FIG. 2. Schematic of the RTE process for a
y ——— Na-like CU8* ion. The intermediate doubly ex-

|| —eoeo-eoo0oeo0o0— - cited state is formed via electron capture accom-
K ® ® ° ® E panied by projectile excitation. This intermediate
. excited state subsequently decays either by pho-
2 ton emission(1) or by electron emissiofR2).
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FIG. 3. CuL x-ray spectrum as a function of x-ray energy for |G- 4. X-ray production cross sections for single-electron cap-
65-MeV CU®* +H, collisions. ®, 50 m Torr H; —, background ~ ture coincident withL x-ray emission as a function of projectile
(no target gas energy in C&" +H, collisions. The solid points are the present

experimental data and the smooth curve shows the corresponding

calculated RTEX cross sections multiplied by 1.6.
Ill. EXPERIMENTAL METHODS

ackagd 18], data were stored in event mode. All yields of

i g the 6-MV tandem Van de Graaff lorat nterest were measured as a function of target gas pressure to
Versity using the o- andem van de foraall acceleralor.,i,qin the desired cross sections, and to ensure that single-

Cu” |Ions V\(/jere ?]roguc_ed(;n a ceS|ug1 _qutter-lorr: source, aln olision conditions prevailed.
accelerated to the desired energy. Stripping at the terminal of 1, efficiency of the x-ray detector and the solid angle

the apcelerator was acpomplished with a carbqn foll. Degubtended by the detector were calculated from the detector
pending on the projectile energy a 90° analyzing magn

ebroperties and the geometry of the experimental arrange-
selected the=9, 10, or 11 charge state and the isotope withy,ant The model used for the detector was similar to that

atomic mass 65 emerging from the accelerator. This ion Waﬁresented by Pajeét al. [19]. Details of the efficiency cali-
subsequently post-stripped in a second carbon foil, and thﬁration method used can be found in R&0]. In a separate
desired charge statg € 18 or 19 was magnetically selected measurement oK-shell x rays for 3-MeV H+Ne and Ar

with a 30° switching magnet and directed toward the experi- ollisions, for which the emittedk x rays have energies

mental apparatus. After collimation the.ion bgam passe lightly less and more, respectively than the ICu rays of
through a differentially pumped gas cell filled with,HThe 40651 here, we obtained relative yields which were normal-

pressure of the target gas was measu_red with a capacitan d to the known absolute cross sectids—23 for these
manometer, and was held constant with a feedback controlyjision system. These normalization constants were also

valve to a precision of better than 1%. used as inputs to the model calculation. Because the x-ray

L x rays of Cu were observed with a(Bi) detector ey ctor efficiency varies rapidly in the range of Cu rays,
mounted perpendicular to the beam direction. The active areg precisein situ energy scale calibration was performed us-

of the_ detec_tor crystal was 30 mmand the thickness of the ing Ne, Al (from slit scattering, and ArK « x rays measured
beryllium window at the entrance of the detector was 0.00€§juring the efficiency calibration
mm. The distance between the ion beam and the detector '
crystal was about 20 mm, and the effective target length was
also about 20 mm.

Following the collision cell a magnet was used to separate A typical copperL x-ray spectrum for Na-like Cf" is
the different projectile charge states emerging from the colshown in Fig. 3. The projectile energy in this case was 65
lision region. The main beam component was collected in dMeV. The prominent maximum in the spectrum, centered at
Faraday cup and measured using a Keithley electrometer arabout 1100 eV, is due to x rays resulting framM transi-
current integrator, while projectiles with emerging chargetions followingL-shell excitation t;m=3. The higher-energy
statesg—1 andq+1 (single capture and loss, respectiyely X rays near 1400 eV in the spectrum probably originate in the
were detected using silicon solid-state surface barrier detedirect decay of thex=4 excited states to the=2state.
tors with 100% detection efficiency. Standard fast coinci- Figure 4 shows the principal result of this work, namely,
dence electronics were used to record copperrays asso- the measured cross sections fox-ray emission associated
ciated with charge-changed projectiles. Using a VAXwith single-electron capture in ¢4 +H, collisions, and the
computer system and theHAOS data acquisition software corresponding calculated RTEX cross sections. The energy

The experiment was performed at Western Michigan Un

IV. RESULTS AND DISCUSSION
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FIG. 5. X-ray production cross sections for single-electron cap- g, . Measured cross sections for total single electron capture
ture coincident withL x-ray emission as a function of projectile g single-electron capture coincident wlth-ray emission as a

energy in Ci&** +H, collisions. The solid points are the present f,nction of projectile energy in GiH, collisions. Symbols®,
experimental data and the smooth curve shows the calculategyy| single electron capture cross sections; coincidence cross
RTEX cross sections multiplied by 10. sections multiplied by 10. The solid line is the empirical scaling law
for total single electron capture of Schlachteral. [27]. The
plotted is that of the projectile in the laboratory frame. Thedashed line is drawn to guide the eye.
measured cross sections forx-ray production coincident
with single capture are only 15% of the total x-ray pro-  theoretical value greater by onty15%.
duction cross section®ot shown at the position of the reso- Figure 5 shows the measured cross sections for single-
nant maximum, in contrast with previous measurements foelectron capture coincident with x-ray emission as a func-
La*** and NB™* [11,17], where this fraction is more nearly tion of the projectile energy for C&" +H, collisions. Also
50%. shown are the calculated RTEX cross sections for this same
The maximum near 60 MeV in Fig. 4 is due to the collision system. It is seen that the data show no resonant
resonant production of "'MM states, and the maximum behavior, and the magnitude of the measured cross section
near 100 MeV is due to the resonant productiorLofMn values is about one order of magnitude larger than the theo-
(n=4) states. These are the first experimehtshell RTEX  retical predictions. The monotonic decreasing behavior of
measurements involving™*MM resonant states which have the measured cross sections with increasing projectile energy
been compared with theoretical calculatiofthe earlier is typical of electron capture cross sections.
Nbd*data[11,12 involved L *MN resonant states only The reason for the failure to see resonant behavior due to
We could not obtain data above 72 MeV due to the limita-L-shell RTEX in Cd®* +Hj collisions is most likely due to
tions of the accelerator and the 90° analyzing magnet. Thehe following. In the charge-stripping process to produce the
error bars on the experimental data points are statistical urNe-like Cu®*beam, an unknown fraction of metastable ions
certainties only. The overall experimental uncertainty is eswith the configuration p°3s 3P, is produced in the incident
timated to be about 30% due mainly to the uncertainty in thdoeam. Hence, these metastable ne-like ions have an initial
x-ray detector efficiency. Because the detector calibratiovacancy in theL shell. The spontaneous decay of the
method relies on previously determined Ne Auger electror2p®3s 3p,metastable state of Ne-like Cu ions produced by
production cross sectio&1], the fluorescence yield for Ne post-stripping in a carbon foil was observed by Schiebel and
[22], and the AIK x-ray production cross sectig@3], allthe  Doyle [25]. For these Ne-like metastable ions, a target elec-
uncertainties from these data are propagated in the preseiion may be captured directly into a shell witt=3 in a
absolute cross-section values. nonresonant process mediated by the projectile nucleus—
The theoretically predicted energy at which the!MM target electron interaction. Subsequently,lar ray can be
states are resonantly produced is in good agreement with tiemitted during the deexcitation of this intermediate excited
experimental valug~65 MeV). However, the theoretical state, thereby filling thé-shell vacancy. This process has
values are about 60% lower than the experimental data. Ahe same signature as the RTEX prodgasgle-electron cap-
partial explanation for this discrepancy could be the omisture coincident witi x-ray emissiof, yet occurs under non-
sion of angular effects in the x-ray emission during theresonant conditions and, hence, should exhibit the behavior
RTEX procesg24]. However, an estimate of the magnitude of electron-capture cross sections. For comparison, in Fig. 6
of these angular effects on decay of the!MM resonant we show the total single capture cross sections for
states at 90° observation angées in the experimengives a  Cu'®*+H, measured in this work, along with the cross sec-
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tions for L x-ray emission accompanied by single-electrondetector efficiency calibration, the 30% systematic error
capture from Fig. 5. The general behavior of the two sets ofjuoted in the experimental data may be optimistic, however;
data are seen to be similar. Also shown in the figure is thdaence this could explain most of the remaining discrepancy
empirical scaling calculation for total single capture of between theory and experiment.

Schlachteret al. [26] for Cut®" +H, which is seen to be in The cross sections fdr x-ray production coincident with

good agreement with the data. single-electron capture for Ne-like iprojectiles exhibit
no resonant behavior, while RTEX theory predicts a resonant
V. CONCLUSIONS maximum to occur at-55 MeV. The data instead exhibit a

behavior typical of electron-capture cross sections. The rea-

We have measured the energy dependent¢exafay pro-  son for this behavior is likely due to a considerable meta-
duction associated with single-electron capture for Na-likestable component in the incident projectile beam which can
Cu'®" and Ne-like C&”" ions colliding with H.. Measure-  give rise to nonresonant capture followed by subsequent
ment of the energy dependence of these cross sections CRltay emission.
provide a clear signature of the existenceLeshell RTEX, Based on the results presented here, and considering ear-
and give absolute values for the magnitude of the procesgier RTEX and DR measurements involvingshell excita-
For CU®* +H, the maximum corresponding to the resonanttion, it appears that more work needs to be done to resolve

production ofL " *MM states occurs at the theoretically pre- the remaining discrepancies between theory and experiment
dicted value. An improved theoretical calculation of thefor | -shell RTEX and possibly DR as well.

Cross sections removes the previous overestimation by a fac-

tor of 2 of the DR and RTEX experimental cross section; for ACKNOWLEDGMENT

Fe'>" and NB°", respectively. However, this calculation

now underestimates the present experimental cross sections This work was supported in part by the U.S. Department
by about 60%(~45% if one takes into account angular ef- of Energy, Office of Basic Energy Sciences, Division of
fects. Due to the uncertainties in the accuracy of the x-rayChemical Sciences.
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