
PHYSICAL REVIEW A SEPTEMBER 1997VOLUME 56, NUMBER 3
L -shell resonant transfer excitation in Cuq11H2 „q518,19… collisions
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Resonant transfer excitation~RTE! involving L21Mn (n>M ) resonant states has been investigated for
Na-like and Ne-like Cuq11H2 collisions (q518 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 Nbq1 (q528– 31) ions showed the measured cross sections to be nearly a factor of 2
smaller than the calculated ones. For Cu181 the 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 Ne-like Cu191 projectiles, the metastable
component in the beam made it impossible to observe RTEX’s.@S1050-2947~97!07309-5#

PACS number~s!: 34.70.1e
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I. INTRODUCTION

In atomic collision involving ions and atoms there a
three important categories of processes: excitation, ion
tion, and charge transfer. In many situations one can desc
the phenomena which occur only by taking into account
Coulomb interaction between the participating nuclei and
electrons. However, there are some notable excepti
where one cannot neglect the interaction between electr
and, indeed, sometimes this interaction is dominant. In
past decade there has been much interest, both theoret
and experimentally, to examine processes where
electron-electron interaction is important. According
McGuire @1#, there are two types of electron correlatio
static and dynamic. The former case has to be taken
account in atomic structure calculations, and the latter
may have an important role during certain collision pr
cesses.

A striking example of a process where the electro
electron interaction has an important role in ion-atom co
sions is the process called resonant transfer excitation~RTE!,
first uncovered in the early 1980s@2,3#. In this process an
electron from the target and another from the projectile
teract so that the target electron is captured to the proje
with a simultaneous projectile excitation, giving rise to
doubly excited intermediate state. This state will sub
quently decay either by the emission of Auger electrons
photons. This charge transfer and excitation occurs in a m
ner completely analogous to dielectronic recombinat
~DR! @4#, which occurs in electron-ion collisions. In DR
formation of the intermediate excited state proceeds via
inverse of an Auger transition, and is resonant for relat
velocities corresponding to ejected electron energies in
Auger process@5#. The analogy between DR and RTE w

*Present address: Kansas State University, Manhattan, KS 66
†Present address: Oak Ridge National Laboratory, Oak Ridge

37831.
561050-2947/97/56~3!/1989~5!/$10.00
a-
be
e
e
s,
s,
e
lly
e

to
e

-

-
-

-
ile

-
r
n-
n

e
e
e

first formulated theoretically by Brant@6#, who developed a
unified treatment of these two processes using the imp
approximation. In RTE, the target electron can be conside
quasifree if the projectile velocity is much larger than t
target electron velocity. However, these quasifree electr
are no longer monoenergetic as in the case of DR, but ha
characteristic momentum distribution, the so-called Comp
profile. In the framework of the impulse approximation it
assumed that during a fast collision the momentum w
function of the target electron is undisturbed.

RTE was investigated by several groups either by mea
ing the x-ray production cross sections in coincidence w
electron capture RTEX, or by measuring state-selective
ger electron emission as a function of projectile ene
~RTEA!. For a recent extensive review of RTEX, see Ta
@7#; for RTEA, see Zouros@8#. RTE has been studied fo
nearly the entire range of projectile atomic numbers, from
(Z52) to U (Z-92). The most suitable targets for the
studies are those with relatively narrow Compton profil
specifically H2 and He.

The overwhelming majority of the RTE data and calcu
tions to date is forK-shell excitation@7,8#. In general, the
existing K-shell RTEX experimental cross sections are
reasonably good agreement with calculated RTEX cross
tions based on theoretical dielectronic recombination cr
sections convoluted with the experimentally determined@9#
or theoretically calculated@10# Compton profiles of the tar-
get electrons. The results indicate that RTE is well und
stood within the framework of the impulse approximatio
utilizing the Auger and x-ray rates of doubly excited sta
that determine the DR cross sections.

There are only a few studies to date for RTE involvin
excitation of the projectileL shell @7#. In measurements by
Bernstein and co-workers@11,12# for different charge states
of 41Nbq1(q528– 32), the measured RTEX cross sectio
were found to increase significantly with increasing cha
state. Theoretical calculations@13,14# overestimated signifi-
cantly these RTEX cross sections, contrary to the go
agreement previously found between theory and experim
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for K-shell RTEX. A comparison between theory and expe
ment forK- andL-shell RTEX cross sections is presented
Fig. 1, which is taken from Ref.@7#. Furthermore, in a recen
DR experiment by Linkemannet al. @15# using Na-like
Fe151 ions, the theory overestimated the experiment
roughly a factor of 2. However, a more recent improv
calculation has removed some of the discrepancy@16#.

To further address this discrepancy between experim
and theory forL-shell RTE~or DR! cross sections, we bega
a systematic investigation ofL-shell RTEX using different
charge states of copper ions. A schematic of the RTE pro
for a Na-like Cu181 ion is presented in Fig. 2. In Sec. II w
present briefly the improved method of calculatingL-shell
RTE cross sections, in Sec. III we describe the experime
methods used, in Sec. IV we present the results obtained
the interpretation of the results, and in Sec. V we prese
short summary and conclusion. A detailed discussion of
theoretical calculations is presented elsewhere@16#.

II. THEORY

For high projectile energies where the impulse appro
mation @6# is valid, the RTEX cross sectionsRTE(Ep) for
ions incident on atoms or molecules is related to the
cross section,sDR(Ee), for electors incident on the same io

FIG. 1. Charge-state dependence of RTEX cross-sec
maxima. See Ref.@7# for citations to original data.~a! K shell.~b! L
shell.
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sRTEX~Ep!5E dpzJ~pz!sDR~Ee!, ~1!

where the distribution of the target-electron momentumpz is
given by the Compton profile

J~pz!5E E dpzdpyuC~px ,py ,pz!u2, ~2!

and the electron energy is related to that momentum by

Ee5
m

M
Ep2Et1pzA2Ep/M , ~3!

wherem and M are the electron and projectile masses,
spectively, andEt is the ionization threshold of the targ
atom or molecule.

Most calculations ofsDR(Ee) make use of perturbative
methods, involving independent processes and the isola
resonance approximation. These results compare favor
with experimental measurements whenK-shell excitation is
involved @4,7,8#, but overestimate the experiments rough
by a factor of 2 whenL-shell RTEX @11,12# or DR @15# is
involved.

In an earlier calculation by Badnell@14#, LS coupling
was used for Na-like 41Nb301 and only the
2p53s3lnl ’configurations were included in the basis d
scribing the resonance states. The other configuration inv
ing a 2p hole and twoM -shell electrons, i.e., 2p53p2nl,
2p53p3dnl, and 2p53d2nl, were not included in this basis

A new set of calculations using intermediate coupling w
performed which includes configuration interaction~CI! be-
tween the directly accessible 2p53s3lnl ’ configuration and
the other configurations mentioned above. All calculat
used the programAUTOSTRUCTURE @17#. The RTEX cross
sections were obtained from the DR cross sections by a
aging them over the Compton profile@9# of H2, taking into
account the binding energy of the target electrons. Det
and results which demonstrate the effects of configura
interaction and intermediate coupling are presented i
separate paper@16#. It is noted that the inclusion of the ad
ditional configurations brings theory more in line with e
periment. This is apparently due to the fact that CI, co
bined with configuration which cannot radiatively decay
bound states, tends to redirect DR probability to other de
channels.

n

a
-
m-
te
ho-
FIG. 2. Schematic of the RTE process for
Na-like Cu181 ion. The intermediate doubly ex
cited state is formed via electron capture acco
panied by projectile excitation. This intermedia
excited state subsequently decays either by p
ton emission~1! or by electron emission~2!.
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III. EXPERIMENTAL METHODS

The experiment was performed at Western Michigan
versity using the 6-MV tandem Van de Graaff accelerat
Cu2 ions were produced in a cesium sputter-ion source,
accelerated to the desired energy. Stripping at the termin
the accelerator was accomplished with a carbon foil. D
pending on the projectile energy a 90° analyzing mag
selected theq59, 10, or 11 charge state and the isotope w
atomic mass 65 emerging from the accelerator. This ion
subsequently post-stripped in a second carbon foil, and
desired charge state (q518 or 19! was magnetically selecte
with a 30° switching magnet and directed toward the exp
mental apparatus. After collimation the ion beam pas
through a differentially pumped gas cell filled with H2. The
pressure of the target gas was measured with a capacit
manometer, and was held constant with a feedback con
valve to a precision of better than 1%.

L x rays of Cu were observed with a Si~Li ! detector
mounted perpendicular to the beam direction. The active a
of the detector crystal was 30 mm2, and the thickness of the
beryllium window at the entrance of the detector was 0.0
mm. The distance between the ion beam and the dete
crystal was about 20 mm, and the effective target length
also about 20 mm.

Following the collision cell a magnet was used to separ
the different projectile charge states emerging from the c
lision region. The main beam component was collected i
Faraday cup and measured using a Keithley electrometer
current integrator, while projectiles with emerging char
statesq21 andq11 ~single capture and loss, respectivel!
were detected using silicon solid-state surface barrier de
tors with 100% detection efficiency. Standard fast coin
dence electronics were used to record copperL x rays asso-
ciated with charge-changed projectiles. Using a VA
computer system and theCHAOS data acquisition software

FIG. 3. CuL x-ray spectrum as a function of x-ray energy f
65-MeV Cu1811H2 collisions.d, 50 m Torr H2; —, background
~no target gas!.
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package@18#, data were stored in event mode. All yields
interest were measured as a function of target gas pressu
obtain the desired cross sections, and to ensure that sin
collision conditions prevailed.

The efficiency of the x-ray detector and the solid ang
subtended by the detector were calculated from the dete
properties and the geometry of the experimental arran
ment. The model used for the detector was similar to t
presented by Pajeket al. @19#. Details of the efficiency cali-
bration method used can be found in Ref.@20#. In a separate
measurement ofK-shell x rays for 3-MeV H11Ne and Ar
collisions, for which the emittedK x rays have energies
slightly less and more, respectively than the CuL x rays of
interest here, we obtained relative yields which were norm
ized to the known absolute cross sections@21–23# for these
collision system. These normalization constants were a
used as inputs to the model calculation. Because the x
detector efficiency varies rapidly in the range of CuL x rays,
a precisein situ energy scale calibration was performed u
ing Ne, Al ~from slit scattering!, and ArKa x rays measured
during the efficiency calibration.

IV. RESULTS AND DISCUSSION

A typical copperL x-ray spectrum for Na-like Cu181 is
shown in Fig. 3. The projectile energy in this case was
MeV. The prominent maximum in the spectrum, centered
about 1100 eV, is due to x rays resulting fromL-M transi-
tions followingL-shell excitation ton>3. The higher-energy
x rays near 1400 eV in the spectrum probably originate in
direct decay of then>4 excited states to then52state.

Figure 4 shows the principal result of this work, name
the measured cross sections forL x-ray emission associate
with single-electron capture in Cu1811H2 collisions, and the
corresponding calculated RTEX cross sections. The ene

FIG. 4. X-ray production cross sections for single-electron c
ture coincident withL x-ray emission as a function of projectil
energy in Cu1811H2 collisions. The solid points are the prese
experimental data and the smooth curve shows the correspon
calculated RTEX cross sections multiplied by 1.6.
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1992 56P. A. ZÁVODSZKY et al.
plotted is that of the projectile in the laboratory frame. T
measured cross sections forL x-ray production coinciden
with single capture are only;15% of the totalL x-ray pro-
duction cross sections~not shown! at the position of the reso
nant maximum, in contrast with previous measurements
La401 and Nb311 @11,12#, where this fraction is more nearl
50%.

The maximum near 60 MeV in Fig. 4 is due to th
resonant production ofL21MM states, and the maximum
near 100 MeV is due to the resonant production ofL21Mn
(n>4) states. These are the first experimentalL-shell RTEX
measurements involvingL21MM resonant states which hav
been compared with theoretical calculations~the earlier
Nbq1data @11,12# involved L21MN resonant states only!.
We could not obtain data above 72 MeV due to the limi
tions of the accelerator and the 90° analyzing magnet.
error bars on the experimental data points are statistical
certainties only. The overall experimental uncertainty is
timated to be about 30% due mainly to the uncertainty in
x-ray detector efficiency. Because the detector calibra
method relies on previously determined Ne Auger elect
production cross sections@21#, the fluorescence yield for Ne
@22#, and the ArK x-ray production cross section@23#, all the
uncertainties from these data are propagated in the pre
absolute cross-section values.

The theoretically predicted energy at which theL21MM
states are resonantly produced is in good agreement with
experimental value~;65 MeV!. However, the theoretica
values are about 60% lower than the experimental data
partial explanation for this discrepancy could be the om
sion of angular effects in the x-ray emission during t
RTEX process@24#. However, an estimate of the magnitud
of these angular effects on decay of theL21MM resonant
states at 90° observation angle~as in the experiment! gives a

FIG. 5. X-ray production cross sections for single-electron c
ture coincident withL x-ray emission as a function of projectil
energy in Cu1911H2 collisions. The solid points are the prese
experimental data and the smooth curve shows the calcul
RTEX cross sections multiplied by 10.
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theoretical value greater by only;15%.
Figure 5 shows the measured cross sections for sin

electron capture coincident withL x-ray emission as a func
tion of the projectile energy for Cu1911H2 collisions. Also
shown are the calculated RTEX cross sections for this sa
collision system. It is seen that the data show no reson
behavior, and the magnitude of the measured cross sec
values is about one order of magnitude larger than the th
retical predictions. The monotonic decreasing behavior
the measured cross sections with increasing projectile en
is typical of electron capture cross sections.

The reason for the failure to see resonant behavior du
L-shell RTEX in Cu1911H2 collisions is most likely due to
the following. In the charge-stripping process to produce
Ne-like Cu191beam, an unknown fraction of metastable io
with the configuration 2p53s 3P2 is produced in the inciden
beam. Hence, these metastable ne-like ions have an in
vacancy in theL shell. The spontaneous decay of th
2p53s 3P2metastable state of Ne-like Cu ions produced
post-stripping in a carbon foil was observed by Schiebel a
Doyle @25#. For these Ne-like metastable ions, a target el
tron may be captured directly into a shell withn>3 in a
nonresonant process mediated by the projectile nucleu
target electron interaction. Subsequently, anL x ray can be
emitted during the deexcitation of this intermediate exci
state, thereby filling theL-shell vacancy. This process ha
the same signature as the RTEX process~single-electron cap-
ture coincident withL x-ray emission!, yet occurs under non
resonant conditions and, hence, should exhibit the beha
of electron-capture cross sections. For comparison, in Fi
we show the total single capture cross sections
Cu1911H2 measured in this work, along with the cross se

-

ed

FIG. 6. Measured cross sections for total single electron cap
and single-electron capture coincident withLx-ray emission as a
function of projectile energy in Cu191H2 collisions. Symbols:d,
total single electron capture cross sections;n, coincidence cross
sections multiplied by 10. The solid line is the empirical scaling la
for total single electron capture of Schlachteret al. @27#. The
dashed line is drawn to guide the eye.
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56 1993L-SHELL RESONANT TRANSFER EXCITATION IN . . .
tions for L x-ray emission accompanied by single-electr
capture from Fig. 5. The general behavior of the two sets
data are seen to be similar. Also shown in the figure is
empirical scaling calculation for total single capture
Schlachteret al. @26# for Cu1911H2 which is seen to be in
good agreement with the data.

V. CONCLUSIONS

We have measured the energy dependence ofL x-ray pro-
duction associated with single-electron capture for Na-l
Cu181 and Ne-like Cu191 ions colliding with H2. Measure-
ment of the energy dependence of these cross sections
provide a clear signature of the existence ofL-shell RTEX,
and give absolute values for the magnitude of the proc
For Cu1811H2 the maximum corresponding to the resona
production ofL21MM states occurs at the theoretically pr
dicted value. An improved theoretical calculation of t
cross sections removes the previous overestimation by a
tor of 2 of the DR and RTEX experimental cross sections
Fe151 and Nb301, respectively. However, this calculatio
now underestimates the present experimental cross sec
by about 60%~;45% if one takes into account angular e
fects!. Due to the uncertainties in the accuracy of the x-r
n
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detector efficiency calibration, the 30% systematic er
quoted in the experimental data may be optimistic, howev
hence this could explain most of the remaining discrepa
between theory and experiment.

The cross sections forL x-ray production coincident with
single-electron capture for Ne-like Cu191projectiles exhibit
no resonant behavior, while RTEX theory predicts a reson
maximum to occur at;55 MeV. The data instead exhibit
behavior typical of electron-capture cross sections. The
son for this behavior is likely due to a considerable me
stable component in the incident projectile beam which c
give rise to nonresonant capture followed by subsequenL
x-ray emission.

Based on the results presented here, and considering
lier RTEX and DR measurements involvingL-shell excita-
tion, it appears that more work needs to be done to reso
the remaining discrepancies between theory and experim
for L-shell RTEX and possibly DR as well.
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