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Upper-limit determination of resonant trielectronic recombination cross-section
for krypton using crystal channeling
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We used channeling through a thin crystal to get an estimate of the cross section of the resonant trielectronic
capture by Kr341 ions. K x-ray–K x-ray coincidence measurements were performed with a selection on the
charge state and energy loss of transmitted ions. An upper limit of 1.9310227 cm2 at the resonance is
obtained, and this represents an improvement by two orders of magnitude with respect to previous ion-gas
experiments. The possibility to reach the theoretical predictions experimentally is discussed.

PACS number~s!: 34.80.Lx, 61.85.1p, 34.70.1e, 32.80.Hd
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I. INTRODUCTION

Trielectronic recombination~TR! is a resonant electron
capture process that may occur during heavy ion-elec
collisions: the capture of an electron by an ion with at le
two electrons in the initial state is accompanied by the sim
taneous double electronic excitation of the ion. This proc
is due to a three-electron interaction that is analogous
dielectronic recombination~DR!, in which electron capture
is accompanied by a single excitation. Figure 1 prese
these electronic transitions in the ion rest frame. Figure 1~a!
illustrates the particular case of theKK-LLL resonant tri-
electronic recombination for a He-like ion: the energy gain
during the capture into then52 state of an electron with th
required kinetic energy in the ion frame is devoted to
(1s2→2l 2l 8) excitation of the twoK electrons. This leads
to an excited Li-like ion with its three electrons in theL shell
~‘‘triply’’ excited !. For sufficiently highZ ions, the radiative
decay of this triply excited state by two successiveK x-ray
emissions dominates autoionization, and recombination
fectively occurs. The analogy with DR is shown in Fig. 1~b!
for theK-LL resonance, occurring at a lower electron kine
energy.

Of course, resonant electron-capture processes simila
DR and TR can take place during ion-atom collisions. Th
processes are called respectively resonant transfer and
tation ~RTE! and, following Zaharakiset al. @1#, resonant
transfer and double excitation~RT2E!. RTE is the capture of
an initially bound electron, and can lead either to autoion
ation ~RTEA! or radiative stabilization~RTEX!. An impor-
tant feature of RTE~and RT2E!, if one compares them to DR
~and TR!, is the broadening of the resonance due to
Compton profile of the electron to be captured, i.e., the l
1050-2947/2000/61~2!/022724~6!/$15.00 61 0227
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gitudinal momentum distribution in the initial state. For th
corresponding trielectronic process, we may use RT2E
RT2EAX, and RT2E2X to denote two-Auger, Auge
1radiative, and double radiative decay of the intermedi
state, respectively.

For low Z ions, the triply excited state formed durin
trielectronic recombination decays mostly by autoionizatio
This has been observed for the lightest ions: Schultz@2# re-
ported on resonances above the ionization threshold
duced during electron scattering or electron-impact ioni
tion experiments that originate from the formation
2l 22l 8 states of H22 and He2 ions. More recently, Mu¨ller
et al. @3# measured the cross sections for the resonant cap
into n52 triply excited states of Li atoms by means of ve
precise Li1-electron crossed-beam experiments, by using
energy dependence of electron-impact ionization: with
resonance strength of about 10220 cm2 eV, this process
~which keeps the ion charge constant! lowers the electron-
impact ionization of Li1 ions significantly~by less than 1%!.

The time reversal process of the resonant capture du
trielectronic recombination~trielectronic capture! is the
three-electron Auger decay, also called the ‘‘double’’ Aug
effect @DA, double deexcitation–single ionization; see F
1~c!#, that has been observed in ion-atom@4,5# and ion-
surface@6,7# collision experiments. Excited light ions with
doubleK hole were produced@5–7#, and the ratiosR of DA
to single Auger rates for such states were found to be aro
331024 for C and N ions@5,7#. Following the detailed bal-
ance principle, these ratios should be similar to the ratios
trielectronic capture over dielectronic capture cross sectio

Trielectronic capture—and DA—are of fundamental i
terest for the study of three-electron correlation in bou
systems. Most of the theoretical works on DA have co
©2000 The American Physical Society24-1
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cerned low-Z ions @8,9#. Vaeck and Hansen@9# pointed out
that, for double-K-hole nitrogen ions, the main contributio
to DA comes from the shake-down mechanism accompa
ing a single autoionization, when at least one 2s electron is
present in the initial state. A shake-down transition can t
place because the initial 2s and the final 1s wave functions
are not orthogonal. Their calculations show thatR values
depend more strongly on the number of 2s electrons than on
the total number ofL electrons. Thus ‘‘real correlation’’ ef-
fects~e.g., those involving only 2p electrons! lead to values
of R much smaller than those involving initial 2s electrons
~typically ;1026 and;1024, respectively; this last numbe
being in agreement with experimental results@7#!. Marques
et al. @10# used multiconfiguration Dirac-Fock~MCDF! cal-
culations to estimate DA rates and the ratioR for higher Z
systems (Z536,41,64). They did not include the shak
down contribution, which was assumed to be small (;20%
of the total DA rate for krypton, and less for higherZ ions!.
Their final calculations provided a value ofR52.786
31027 for triply excited Kr331 ~three electrons in theL
shell!. For the same ion Badnell@1,11# estimated a ratioR
;1026 by using a three-L-electron interaction through con
figuration mixing with a Breit-Pauli Hamiltonian.

For those high-Z ions, the experimental study of trielec
tronic recombination is more attractive than the study of D
because the radiative decay of a doubleK hole dominates
autoionization. Using an initial He-like ion in its groun
state, the signature of theKK-LLL trielectronic recombina-
tion is a doubleK x-ray emission, along with the decrease
the ion charge by one unit.

One attempt to observe RT2E is reported by Zahara
et al. in Ref. @1#. During Kr341-ion–H2-gas collisions, they
detected x rays in coincidence with Kr331 transmitted ions at
various incidence energies. Due to the low interaction ra
in such experiments, they could only measure the ene
dependence of the sum of theL,M ,... RECcross sections

FIG. 1. Schematic representations of~a! KK-LLL trielectronic
recombination~TR! for an initial ground-state He-like ion~b! K-LL
dielectronic recombination~DR! for the same initial state~c! KK-
LLL three-electron Auger~DA!.
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(;10223 cm2), and noKa photon could be detected in co
incidence. They gave an upper limit of the RT2E cross s
tion of about 10225 cm2.

Crystal channeling provides a powerful technique for
vestigating such a low-cross-section process, because c
neled ions interact mainly with a dense gas of quasifree e
trons. In alignment conditions, ions acquire a transve
energy at the entrance of the crystal, according to their in
dence angle and their position relative to the atomic rows
planes. Ions with a transverse energy~per unit charge! below
the maximum value of the continuum string or planar crys
potential are known to be channeled and can access on
restricted part of the transverse space@12#. This results in the
extinction of close collisions with target atomic cores, a
the attendant reduction of ion-electron interactions, such
energy loss. One can then study ion-electron interaction p
cesses that are hardly observable in classical ion-solid
ion-atom collisions, as was demonstrated in previous stu
of radiative electron capture~REC! @13–15#, electron-impact
ionization and excitation~EII and EIE, respectively! @16–
18#, and resonant transfer and excitation@19–21#. A review
of charge-exchange experiments in channeling condition
given in Ref.@22#. The processes just mentioned have re
tively high cross sections~more than 10 b!, and thus are
easily observable in channeling conditions. For instance,
impact-parameter dependence of REC line shapes was
ied in detail@15#, and the Compton profiles of silicon valenc
electrons were found to be very close to those of free e
trons~Fermi gas! for the same local density. These Compt
profiles are also responsible for the broadening of the R
resonance profiles reported in Refs.@19–21#. The conditions
for observing the very rare TR process in channeling con
tions are more stringent than those discussed above. The
described in the following sections.

II. EXPERIMENT

A primary beam of 43.1-A MeV Kr311 from the GANIL
facility ~Caen, France! was used in our study. The final bea
on the target was obtained by means of degrading/stripp
Al foils followed by a magnetic spectrometer for the sele
tion of the charge (341), the energy~37.1, 40.6, and 42.7
A MeV with Dp/p51024), and the emittance (ex5ey
50.15p mm mrad). The two extreme incidence energies
outside theKK-LLL resonance, whereas 40.6A MeV is on
the resonance. The beam, with a typical intensity of (223)
3106 ions/s ~within a 9.4-MHz HF pulsed structure! was
sent to the Spectrome`tre à Perte d’Énergie pour le GANIL
~SPEG! @23# beam line, and had a diameter of 1 mm on t
target. A sketch of the experimental setup in the SPEG lin
shown in Fig. 2. This beam line is equipped with a hig
resolution spectrometer~8.1 mm on the focal plane corre
sponding toDp/p51023). The target was a 3.6-mm-thick Si
crystal oriented along thê110& axial direction. A high effi-
ciency for the detection of projectileK x-ray–K x-ray coin-
cidences was achieved by means of three large NaI~Tl! de-
tectors covering 25% of the total solid angle. These detec
were chosen for their large area and relatively high count
rate capabilities, despite their poor energy resolution. T
4-2
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UPPER-LIMIT DETERMINATION OF RESONANT . . . PHYSICAL REVIEW A 61 022724
detectors were placed at 90° from the beam direction,
the third one at 55°. TheK x-ray–K x-ray coincidence effi-
ciency waseKK53.760.4% ~assuming an isotropic emissio
in the projectile frame!. An additional Ge detector at 125
with a much smaller solid angle was used for observing
rays with a better energy resolution. Transmitted ions w
charge- and energy-analyzed by the last magnetic stag
the SPEG spectrometer. Down-charged 331 ions were de-
tected by a drift chamber~DC331! for position information
and a plastic scintillator~P331! for triggering ~see Fig. 2!.
The main trigger of the event-by-event acquisition~i.e., the
trigger for possible TR events! was the detection of a 331
ion in coincidence with two photons registered simul
neously in two NaI~Tl! detectors. Additional triggers@single
events registered by the germanium, NaI~Tl! and DC331
detectors# were used to observe single charge-exchange
excitation processes.

The fraction of accelerator-HF pulses containing mo
than one incident ion was not negligible. The probability
undue triggering~detection of three uncorrelated events! in-
creases as the cube of the number of ions per pulse, and
the experimental background increases correspondin
Thus we detected all the transmitted ions in such a way
we could select, off line, those events for which no 341,
351, or 361 ion were detected within the same pulse as
331 ion. During preliminary tests, the plastic scintillato
~type BC400! were found to detect up to;108 Kr ions per
mm2 in our energy range before the reduction of their e
ciency by radiation damage became significant. In
present experiment the charge-state distribution in chan
ing conditions~slightly varying with the incident energy! is
F(361)<1%, F(351).3.5%, F(341).95%,F(331)
<1%, F(321) being negligible. The 361 and 351 ions
were detected by plastic scintillators~P361 and P351 re-
spectively; see Fig. 2!. The location of the beam impact o
these scintillators was changed when necessary. The d
tion of 341 ions required a special arrangement becaus
its very-high-counting rate. The detector~XRP341! was
based on x-ray fluorescence. Copper radiator foils w
placed on the top of a plastic scintillator~see the inset of Fig

FIG. 2. A schematic of the experimental setup.
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2!. A very large number of simultaneous x rays were emit
inside the radiator~mainly Cu Ka arising from Cu atom
ionization!. This led to a measurable signal in the large so
angle scintillator with a 100% efficiency.

III. RESULTS AND ANALYSIS

Channeled ions are characterized by their low-energy
rate. Figure 3 presents two energy-loss distributions
transmitted 331 ions as measured by the drift chamber
37.1-A MeV incidence energy. One corresponds to a rand
crystal orientation and the other one is obtained in ax
channeling conditions (^110& orientation!. The width of the
‘‘random’’ distribution is dominated by energy stragglin
~the width of the direct beam is typically 50% narrower a
is mainly due to the size of the beam spot on the target!. A
low-energy loss tail~extending down to 0! is due to etch pits
in the crystal. These pits were formed during the chemi
etching of the crystal. The spectrum obtained in alignm
conditions has two distinct components: a narrow distrib
tion, with a most probable energy loss roughly equal to h
of the random energy loss, and a broader one, centered
higher energy loss, that corresponds to unchanneled ion
principle, making cuts in the energy-loss spectrum allo
one to select ions with a given transverse energy inside
crystal channel. This transverse energy is related to the m
electronic density encountered inside the crystal chan
~see, for instance, Refs.@22,21,17,15#!. Our aim was initially
to study RT2E as a function of the sampled electron dens
The RT2E signal results from a triple coincidence ofK
x-ray–K x-ray–Kr331 detection arising from a single colli
sional event. The background signals have the same si
ture but originate from three uncorrelated events during
ion’s passage through the crystal, becauseK emission cannot
result from a nonresonant capture by a He-like ion. Henc
is proportional to the cube of the number of target electro
Then the ratio of the RT2E signal to the background r
varies as the inverse square of the electron target ‘‘thi
ness.’’ Unexpectedly this background was observed to
crease for the lowest-energy losses. Two factors can acc
for this. First the total thickness of the amorphous lay
(SiO2) on the two surfaces of the crystal was measured to
100 Å ~equivalent Si thickness for the RBS technique use!.
Mechanical electron capture~MEC! and nuclear impact ion-
ization ~NIE! can occur in these layers, whatever the tra
verse energy of channeled ions is. Both MEC and NIE ha
much larger cross sections than REC and EIE, which are

FIG. 3. Energy-loss distributions for axial~full line! and random
~dashed line! crystal orientations. The energy-loss range~axial
alignment! selected in the data analysis is indicated.
4-3
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M. CHEVALLIER et al. PHYSICAL REVIEW A 61 022724
only processes likely to occur during ion-electron collisio
in channeling. Second, the nonhomogeneity of the ta
thickness mentioned above can allow a small part of n
channeled ions to lose very little energy in thinner parts
the target, even less than channeled ions sampling the
crystal thickness. Thus, we decided to optimize the fract
of real channeled ions by selecting particles having their
ergy loss between 0.45 and 0.6 times the normal energy
~random orientation!, as indicated by the two vertical lines i
Fig. 3. No severe selection in transverse energy was m
and the mean sampled electron density was estimated t
equal to the total valence electron density in silicon, i
0.2e2 Å23. This electron density was deduced with an ac
racy of 620% from the amplitude ofL,M REC lines in the
x-ray spectra, the cross sections of which are well kno
@24#.

Sample x-ray spectra are presented in Fig. 4. In Fig. 4~a!
we show one of the NaI~Tl!-NaI~Tl! two-dimensional x-ray
coincidence spectra recorded at a beam energy of
A MeV, after selection of the 331 ions as discussed abov
Cuts were made in these spectra, as represented in Fig.~b!
@histogram of the NaI1 events after selection ofK x rays
registered in NaI2, as shown in Fig. 4~a!#. Figures 4~b! and
4~c! allow the comparison between such a triple coincide
NaI~Tl! spectrum and a spectrum obtained with the Ge
tector~in coincidence with 331 ions!. Due to a much bette
energy resolution of the Ge detector, one clearly seesKa,b
components, andL,M , . . . REC lines at higher energies.

FIG. 4. ~a! Scatter plot of the coincidence x-ray–x-ray distrib
tion for two NaI~Tl! detectors~located at 90° from the beam direc
tion!, in coincidence with Kr331 ions with the selected energy los
~b! Histogram of the NaI1 events corresponding to theK x ray on
NaI2 for the energy cut shown in~a!. ~c! Energy spectrum of the Ge
detector (125°) for x rays in coincidence with Kr331 ions.
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small bremsstrahlung contribution is also visible around
K x rays. The NaI~Tl! detectors are only able to resolve theK
x-ray peak~that contains also some bremsstrahlung! and the
REC peak. Note that the relative amplitudes betweenK x
rays and REC on the two spectra are different because
observation angles are different and also because the Na~Tl!
spectrum is conditioned by the detection of a secondK x ray.

IV. DISCUSSION

The probability for a channeled ion~actually, an ion se-
lected in the energy-loss range defined above! to emit twoK
x rays in the full solid angle and to emerge from the crys
as 331 is represented in Fig. 5 at the three incidence en
gies. The error bars are due to statistics. No evidence f
resonance is found at 40.6A MeV. The solid line through the
experimental points is the result from a fit of these data@with
a function P(E)5aE26]. The power (26) of the energy
dependence, used in the fitting function, reflects the do
nance of MEC and NIE over REC and EIE. Indeed,P(MEC)
varies with energy asE25.5, P(L2REC) as E21.8, and
P(NIE) and P(EIE) depend little on the incident energ
@25#. This shows that crystal defects are the main source
background in this experiment: for a perfect crystal, o
would have had only the background due to REC-EIE-E
sequential events, with an energy dependence close toE21.8.

The lines above and below the best fit correspond to62s
deviations of the fitting parametera. From this fit one can
extract an upper limit of the trielectronic recombination cro
section per target electron at the resonance energy. Wi
95% confidence level~based on statistics! we obtain
s(RT2E),1.9310227 cm2. Systematic uncertainties o

FIG. 5. Probability, for ions in the selected energy-loss range
emitting twoKab photons and capturing one electron in the cryst
The lines are the result of a fit~weighted by the experimental erro
bars! with 62s standard deviations. The lower solid curve is t
expected RT2E resonance profile for channeled ions samplin
density of 0.2e2 Å23. Dashed curves: calculated background a
resonance profiles for a ‘‘perfect’’ crystal~3.6 mm thick, sampled
electron density: 0.15e2 Å3). Dotted curves: the same, for a 1.8
mm-thick ‘‘perfect’’ crystal.
4-4
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UPPER-LIMIT DETERMINATION OF RESONANT . . . PHYSICAL REVIEW A 61 022724
30% on this value are due to theK x-ray–K x-ray coinci-
dence absolute efficiency (;610%), the absolute dose de
termination (;620%, that comes from the photomultiplie
background on the 341 detector at high counting rates!, and
to the mean target electron density estimate (;620%).

The expected shape of the trielectronic recombinat
resonance is also shown in Fig. 5. We used here the Co
ton profile of a free-electron gas with a densityre50.2e2

Å 23, as we did in previous RTE studies@20#. The amplitude
of the calculated resonance was deduced from the final
culations of Marqueset al. @10#. These authors estimated th
ratio R of DA over single Auger rates forLLL triply excited
states to be 331027 for Kr ions. This ratio is close to the
ratio of trielectronic over dielectronic recombination rates,
for RT2E over RTE cross sections~using the same electro
Compton profile!. Badnell calculated the ratio of DA ove
single-electron Auger rates to be somewhat higherR
;1026 @1,11#!, and also made calculations for RTE fo
Kr351 ions incident on H2 targets@26#. We can conclude
from our experimental results thatR is smaller than 5
31026. Considering reasonably that the sensitivity of t
experiment reported in Ref.@1# is limited to ;10% of the
(L1M )-REC cross sections~from their error bars!, i.e., to
about 10224 cm2 per target electron, our results represent
improvement by more than two orders of magnitude for
upper limit of the trielectronic recombination cross sectio
However, using the same technique~triple coincidences in
channeling conditions!, one could increase the sensitivity o
our experiment by more than one order of magnitude,
reach the range of the theoretical estimates, by the follow
considerations: results of calculations of the backgrou
probability resulting from pure ion-electron interaction~i.e.,
L,M , . . . REC–K-L EIE–K-L EIE! are given in Fig. 5
~dashed lines!: they correspond to a ‘‘perfect’’ crystal, i.e
with an homogeneous thickness and without amorphous
ers. Using such a crystal would allow one to select low
electron densities for well channeled ions~around
0.15e2 Å 23, as we did in a previous REC experiment@15#!.
For the same crystal thickness this background is calcul
to be below 1027 at the resonance energy. Note that t
corresponding calculated resonance profile is narrower,
cause both the width and the amplitude depend on the e
tron density. Since the probability of these three uncorrela
events varies as the cube of the target thickness, usin
nd

n-

-

-
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thinner crystal would certainly make the trielectronic reco
bination cross sections reachable: we present also in Fi
the calculations for a 1.8-mm-thick ‘‘perfect’’ crystal ~dotted
line!, for which the signal to background ratio would be e
hanced by another factor of 4 as compared to the 3
mm-thick crystal. These last calculations correspond to
almost thinnest crystals that can realistically be used with
experimental setup~energy losses have to be resolved b
tween channeled and unchanneled ions!. We should mention
at this point that the available theoretical estimates of D
rates at the time of our experimental run were higher by o
order of magnitude than those published in Ref.@10#. For
comparison, the same signal to background ratio would
obtained for a 1.8-mm-thick ‘‘perfect’’ crystal or for a 7.5-
mg/cm2 amorphous carbon target~the MEC-NIE-NIE back-
ground is considerably lower for low-Z targets!. However, in
the latter case, the RT2E rate would be lower by one orde
magnitude, which would make the accumulation of statist
out of reach within reasonable beam times.

V. SUMMARY AND CONCLUSION

In summary, crystal channeling and triple coinciden
measurements (K x-ray–K x-ray–e2 capture by a channele
ion! was used to estimate theKK-LLL trielectronic recom-
bination cross section for He-like krypton ions. An upp
limit is obtained that corresponds to an improvement by t
orders of magnitude over that obtained in previous ion-
experiments. The present result is compatible with theor
cal predictions: the shake-down mechanism that provides
main contribution to double Auger rates for low-Z systems
has a much smaller contribution atZ536 ~the shake-up, cor-
responding to trielectronic recombination, is not measura
here!. The ‘‘pure’’ three-electron correlation contribution t
DA ~and TR! is more than one order of magnitude below t
sensitivity of our experiment. The use of much better qua
crystals could certainly help to observe this exotic elect
capture mode.
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