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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 K#** 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 ok 10927 cn? 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 numbe(s): 34.80.Lx, 61.85+p, 34.70+e, 32.80.Hd

[. INTRODUCTION gitudinal momentum distribution in the initial state. For the
corresponding trielectronic process, we may use RT2E2A,
Trielectronic recombinatiofTR) is a resonant electron RT2EAX, and RT2E2X to denote two-Auger, Auger
capture process that may occur during heavy ion-electror-radiative, and double radiative decay of the intermediate
collisions: the capture of an electron by an ion with at leaststate, respectively.
two electrons in the initial state is accompanied by the simul- For low Z ions, the triply excited state formed during
taneous double electronic excitation of the ion. This proces#rielectronic recombination decays mostly by autoionization.
is due to a three-electron interaction that is analogous tdhis has been observed for the lightest ions: ScH@lfze-
dielectronic recombinatiofiDR), in which electron capture ported on resonances above the ionization threshold pro-
is accompanied by a single excitation. Figure 1 presentduced during electron scattering or electron-impact ioniza-
these electronic transitions in the ion rest frame. Figye@ 1 tion experiments that originate from the formation of
illustrates the particular case of theéK-LLL resonant tri- 2/22/" states of ¥~ and He ions. More recently, Mier
electronic recombination for a He-like ion: the energy gainedet al.[3] measured the cross sections for the resonant capture
during the capture into the=2 state of an electron with the into n=2 triply excited states of Li atoms by means of very
required kinetic energy in the ion frame is devoted to theprecise Li -electron crossed-beam experiments, by using the
(1s?—2/2/") excitation of the twdK electrons. This leads energy dependence of electron-impact ionization: with a
to an excited Li-like ion with its three electrons in theshell  resonance strength of about #8 cn? eV, this process
(“triply” excited ). For sufficiently highZ ions, the radiative (which keeps the ion charge constaltwers the electron-
decay of this triply excited state by two successive-ray  impact ionization of Li ions significantly(by less than 1%
emissions dominates autoionization, and recombination ef- The time reversal process of the resonant capture during
fectively occurs. The analogy with DR is shown in FigblL  trielectronic recombination(trielectronic capture is the
for theK-LL resonance, occurring at a lower electron kineticthree-electron Auger decay, also called the “double” Auger
energy. effect [DA, double deexcitation—single ionization; see Fig.
Of course, resonant electron-capture processes similar t{c)], that has been observed in ion-atdh5| and ion-
DR and TR can take place during ion-atom collisions. Theseurface[6,7] collision experiments. Excited light ions with a
processes are called respectively resonant transfer and exdieubleK hole were producefb-7], and the ratiosR of DA
tation (RTE) and, following Zaharakist al. [1], resonant to single Auger rates for such states were found to be around
transfer and double excitatigRT2E). RTE is the capture of 3x10 4 for C and N iong5,7]. Following the detailed bal-
an initially bound electron, and can lead either to autoioniz-ance principle, these ratios should be similar to the ratios of
ation (RTEA) or radiative stabilizatiofRTEX). An impor- trielectronic capture over dielectronic capture cross sections.
tant feature of RTEand RT2BE, if one compares them to DR Trielectronic capture—and DA—are of fundamental in-
(and TR, is the broadening of the resonance due to theerest for the study of three-electron correlation in bound
Compton profile of the electron to be captured, i.e., the lonsystems. Most of the theoretical works on DA have con-
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(~10 2 cn?), and noK « photon could be detected in co-
incidence. They gave an upper limit of the RT2E cross sec-
tion of about 102° cn?.

Crystal channeling provides a powerful technique for in-
vestigating such a low-cross-section process, because chan-
neled ions interact mainly with a dense gas of quasifree elec-
trons. In alignment conditions, ions acquire a transverse
energy at the entrance of the crystal, according to their inci-
dence angle and their position relative to the atomic rows or
planes. lons with a transverse enefggr unit chargebelow
the maximum value of the continuum string or planar crystal
potential are known to be channeled and can access only a

restricted part of the transverse spft@]. This results in the
extinction of close collisions with target atomic cores, and
the attendant reduction of ion-electron interactions, such as
energy loss. One can then study ion-electron interaction pro-
cesses that are hardly observable in classical ion-solid or
ion-atom collisions, as was demonstrated in previous studies
of radiative electron capturREC) [13—15, electron-impact
ionization and excitatioEll and EIE, respectively[16—

18], and resonant transfer and excitatid®—-21. A review

of charge-exchange experiments in channeling conditions is
_ ) given in Ref.[22]. The processes just mentioned have rela-
cerned lowZ ions [8,9]. Vaeck and HansefB] pointed out ey high cross sectiongmore than 10 h and thus are
that, for doubleK-hole nitrogen ions, the main contribution easjly observable in channeling conditions. For instance, the
to DA comes from the shake-down mechanism accompanyimpact-parameter dependence of REC line shapes was stud-
ing a single autoionization, when at least oreeeectron is  jed in detail[15], and the Compton profiles of silicon valence
present in the initial state. A shake-down transition can tak%|ectrons were found to be very close to those of free elec-
place because the initials2zand the final  wave functions  trons(Fermi ga$ for the same local density. These Compton
are not orthogonal. Their calculations show tfvalues  profiles are also responsible for the broadening of the RTE
depend more strongly on the number af@ectrons than on  resonance profiles reported in Ref$9—21]. The conditions

the total number ot electrons. Thus “real correlation” ef-  for observing the very rare TR process in channeling condi-
fects(e.g., those involving only @ electrong lead to values  tions are more stringent than those discussed above. They are
of R much smaller than those involving initialsZlectrons  described in the following sections.

(typically ~10~° and~ 104, respectively; this last number
being in agreement with experimental resylf$). Marques
et al. [10] used multiconfiguration Dirac-Fod®ICDF) cal- Il EXPERIMENT

culations to estimate DA rates and the rador higherZ A primary beam of 43.1A MeV Kr3'* from the GANIL
systems Z=236,41,64). They did not include the shake- facility (Caen, Frandewas used in our study. The final beam
down contribution, which was assumed to be smalP0%  on the target was obtained by means of degrading/stripping
of the total DA rate for krypton, and less for high&ions). Al foils followed by a magnetic spectrometer for the selec-
Their final calculations provided a value dR=2.786 tion of the charge (34), the energy(37.1, 40.6, and 42.7
X107 for triply excited K" (three electrons in thé. ~ AMeV with Ap/p=10"*), and the emittance e(=e¢,
shel). For the same ion Badn€]ll,11] estimated a ratidR =0.157 mm mrad). The two extreme incidence energies are
~10® by using a threé--electron interaction through con- outside theKK-LLL resonance, whereas 4046MeV is on
figuration mixing with a Breit-Pauli Hamiltonian. the resonance. The beam, with a typical intensity of @

For those high2 ions, the experimental study of trielec- X 10° ions/s (within a 9.4-MHz HF pulsed structurevas
tronic recombination is more attractive than the study of DA,sent to the Spectrortre aPerte d’Ehergie pour le GANIL
because the radiative decay of a douKléhole dominates (SPEQ [23] beam line, and had a diameter of 1 mm on the
autoionization. Using an initial He-like ion in its ground target. A sketch of the experimental setup in the SPEG line is
state, the signature of tHeK-LLL trielectronic recombina- shown in Fig. 2. This beam line is equipped with a high-
tion is a doubleK x-ray emission, along with the decrease of resolution spectrometgB8.1 mm on the focal plane corre-
the ion charge by one unit. sponding toA p/p=10"2%). The target was a 3.6m-thick Si

One attempt to observe RT2E is reported by Zaharakigrystal oriented along th€l10) axial direction. A high effi-
et al. in Ref. [1]. During Kr***-ion—H,-gas collisions, they ciency for the detection of projectilé x-ray—K x-ray coin-
detected x rays in coincidence with®Rf transmitted ions at cidences was achieved by means of three largéTatle-
various incidence energies. Due to the low interaction ratetectors covering 25% of the total solid angle. These detectors
in such experiments, they could only measure the energwere chosen for their large area and relatively high counting
dependence of the sum of theM,... RECcross sections rate capabilities, despite their poor energy resolution. Two

.

FIG. 1. Schematic representations(af KK-LLL trielectronic
recombination(TR) for an initial ground-state He-like iofb) K-LL
dielectronic recombinatiofDR) for the same initial statéc) KK-
LLL three-electron AugefDA).
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FIG. 3. Energy-loss distributions for axidull line) and random
(dashed ling crystal orientations. The energy-loss rangial

?foils alignmeni selected in the data analysis is indicated.
DC33+
Msm 2). A very large number of simultaneous x rays were emitted
inside the radiatomainly Cu K« arising from Cu atom
! ionization. This led to a measurable signal in the large solid
Flastic XRP34+ angle scintillator with a 100% efficiency.

FIG. 2. A schematic of the experimental setup.
IIl. RESULTS AND ANALYSIS

detectors were placed at 90° from the beam direction, and Channeled ions are characterized by their low-energy loss
the third one at 55°. Th& x-ray-K x-ray coincidence effi- rate. Figure 3 presents two energy-loss distributions for
ciency wasexk = 3.7+ 0.4% (assuming an isotropic emission transmitted 33- ions as measured by the drift chamber at
in the projectile framg An additional Ge detector at 125° 37.1A MeV incidence energy. One corresponds to a random
with a much smaller solid angle was used for observing xrystal orientation and the other one is obtained in axial
rays with a better energy resolution. Transmitted ions were&hanneling conditions((L10) orientatior). The width of the
charge- and energy-analyzed by the last magnetic stage 6fandom” distribution is dominated by energy straggling
the SPEG spectrometer. Down-charged+3i@ns were de- (the width of the direct beam is typically 50% narrower and
tected by a drift chambdDC33+) for position information is mainly due to the size of the beam spot on the target
and a plastic scintillato(P33+) for triggering (see Fig. 2. low-energy loss tailextending down to Pis due to etch pits
The main trigger of the event-by-event acquisitide., the in the crystal. These pits were formed during the chemical
trigger for possible TR eventsvas the detection of a 33  etching of the crystal. The spectrum obtained in alignment
ion in coincidence with two photons registered simulta-conditions has two distinct components: a narrow distribu-
neously in two Na(Tl) detectors. Additional triggersingle  tion, with a most probable energy loss roughly equal to half
events registered by the germanium, (Y&l and DC33+ of the random energy loss, and a broader one, centered at a
detector$ were used to observe single charge-exchange ankiigher energy loss, that corresponds to unchanneled ions. In
excitation processes. principle, making cuts in the energy-loss spectrum allows
The fraction of accelerator-HF pulses containing moreone to select ions with a given transverse energy inside the
than one incident ion was not negligible. The probability of crystal channel. This transverse energy is related to the mean
undue triggeringdetection of three uncorrelated everits  electronic density encountered inside the crystal channel
creases as the cube of the number of ions per pulse, and thésee, for instance, Reff22,21,17,1%. Our aim was initially
the experimental background increases correspondinglyo study RT2E as a function of the sampled electron density.
Thus we detected all the transmitted ions in such a way tharhe RT2E signal results from a triple coincidence Kf
we could select, off line, those events for which not34 x-ray-K x-ray—Kr*®" detection arising from a single colli-
35+, or 36+ ion were detected within the same pulse as thesional event. The background signals have the same signa-
33+ ion. During preliminary tests, the plastic scintillators ture but originate from three uncorrelated events during the
(type BC400 were found to detect up te-10° Kr ions per ion’s passage through the crystal, becakisamission cannot
mn? in our energy range before the reduction of their effi-result from a nonresonant capture by a He-like ion. Hence it
ciency by radiation damage became significant. In thés proportional to the cube of the number of target electrons.
present experiment the charge-state distribution in channelFhen the ratio of the RT2E signal to the background rate
ing conditions(slightly varying with the incident energys  varies as the inverse square of the electron target “thick-
F(36+)<1%, F(35+)=3.5%, F(34+)=95% F(33+) ness.” Unexpectedly this background was observed to in-
<1%, F(32+) being negligible. The 36 and 35+ ions crease for the lowest-energy losses. Two factors can account
were detected by plastic scintillato(B36+ and P35- re-  for this. First the total thickness of the amorphous layers
spectively; see Fig.)2 The location of the beam impact on (SiO,) on the two surfaces of the crystal was measured to be
these scintillators was changed when necessary. The detetg0 A (equivalent Si thickness for the RBS technique Oised
tion of 34+ ions required a special arrangement because dflechanical electron captuf®EC) and nuclear impact ion-
its very-high-counting rate. The detect¢KRP34+) was ization (NIE) can occur in these layers, whatever the trans-
based on x-ray fluorescence. Copper radiator foils wergerse energy of channeled ions is. Both MEC and NIE have
placed on the top of a plastic scintillat@ee the inset of Fig. much larger cross sections than REC and EIE, which are the
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FIG. 4. (a) Scatter plot of the coincidence x-ray—x-ray distribu-
tion for two NalTl) detectorglocated at 90° from the beam direc-
tion), in coincidence with K¥" ions with the selected energy loss.
(b) Histogram of the Nall events corresponding to kh& ray on
Nal2 for the energy cut shown f@). (c) Energy spectrum of the Ge
detector (125°) for x rays in coincidence with®F ions.

small bremsstrahlung contribution is also visible around the
K x rays. The Na([Tl) detectors are only able to resolve e
x-ray peak(that contains also some bremsstrahluagd the
REC peak. Note that the relative amplitudes betwier
only processes likely to occur during ion-electron collisionsrays and REC on the two spectra are different because the
in channeling. Second, the nonhomogeneity of the targetbservation angles are different and also because th@Mal
thickness mentioned above can allow a small part of nonspectrum is conditioned by the detection of a sedéndray.
channeled ions to lose very little energy in thinner parts of
the target, even less than channeled ions sampling the full
crystal thickness. Thus, we decided to optimize the fraction
of real channeled ions by selecting particles having their en- The probability for a channeled iof@ctually, an ion se-
ergy loss between 0.45 and 0.6 times the normal energy lodected in the energy-loss range defined ahdgeemit twoK
(random orientatioy as indicated by the two vertical lines in x rays in the full solid angle and to emerge from the crystal
Fig. 3. No severe selection in transverse energy was madas 33t is represented in Fig. 5 at the three incidence ener-
and the mean sampled electron density was estimated to lgges. The error bars are due to statistics. No evidence for a
equal to the total valence electron density in silicon, i.e.resonance is found at 40/6MeV. The solid line through the
0.2e~ A3, This electron density was deduced with an accu-experimental points is the result from a fit of these datith
racy of =20% from the amplitude of ,M REC lines in the a function P(E)=aE °]. The power (-6) of the energy
x-ray spectra, the cross sections of which are well knowrdependence, used in the fitting function, reflects the domi-
[24]. nance of MEC and NIE over REC and EIE. IndeBdMEC)
Sample x-ray spectra are presented in Fig. 4. In Fig. 4 varies with energy a€ °>° P(L—REC) asE '8 and
we show one of the N&Tl)-Nal(Tl) two-dimensional x-ray P(NIE) and P(EIE) depend little on the incident energy
coincidence spectra recorded at a beam energy of 37[R5]. This shows that crystal defects are the main source of
A MeV, after selection of the 38 ions as discussed above. background in this experiment: for a perfect crystal, one
Cuts were made in these spectra, as represented in (Bijg. 4 would have had only the background due to REC-EIE-EIE
[histogram of the Nall events after selectiontofx rays  sequential events, with an energy dependence cloge 4.
registered in Nal2, as shown in Fig(@]. Figures 4b) and The lines above and below the best fit correspond Bar
4(c) allow the comparison between such a triple coincidenceleviations of the fitting parametex From this fit one can
Nal(Tl) spectrum and a spectrum obtained with the Ge deextract an upper limit of the trielectronic recombination cross
tector(in coincidence with 33 ions). Due to a much better section per target electron at the resonance energy. With a
energy resolution of the Ge detector, one clearly $¢eg8  95% confidence level(based on statistitcswe obtain
components, antl,M, ... REC lines at higher energies. A o(RT2E)<1.9x10 2’ cm?. Systematic uncertainties of

IV. DISCUSSION
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30% on this value are due to thé x-ray—K x-ray coinci-  thinner crystal would certainly make the trielectronic recom-
dence absolute efficiency~(+10%), the absolute dose de- bination cross sections reachable: we present also in Fig. 5
termination ( +20%, that comes from the photomultiplier the calculations for a 1.g-m-thick “perfect” crystal (dotted
background on the 34 detector at high counting ratesand  line), for which the signal to background ratio would be en-
to the mean target electron density estimate{20%). hanced by another factor of 4 as compared to the 3.6-
The expected shape of the trielectronic recombinationum-thick crystal. These last calculations correspond to the
resonance is also shown in Fig. 5. We used here the Comgdmost thinnest crystals that can realistically be used with our
ton profile of a free-electron gas with a densjty=0.2e~ experimental setugenergy losses have to be resolved be-
A 3, as we did in previous RTE studig20]. The amplitude tween channeled and unchanneled joge should mention
of the calculated resonance was deduced from the final caét this point that the available theoretical estimates of DA
culations of Marquest al.[10]. These authors estimated the rates at the time of our experimental run were higher by one
ratio R of DA over single Auger rates fdrLL triply excited  order of magnitude than those published in H&D]. For
states to be 10 7 for Kr ions. This ratio is close to the comparison, the same signal to background ratio would be
ratio of trielectronic over dielectronic recombination rates, orobtained for a 1.§zm-thick “perfect” crystal or for a 7.5-
for RT2E over RTE cross sectiorfgsing the same electron ug/cn? amorphous carbon targéhe MEC-NIE-NIE back-
Compton profile. Badnell calculated the ratio of DA over ground is considerably lower for lo&-target3. However, in
single-electron Auger rates to be somewhat highB ( the latter case, the RT2E rate would be lower by one order of
~107% [1,11)), and also made calculations for RTE for magnitude, which would make the accumulation of statistics
Kr3%" ions incident on H targets[26]. We can conclude out of reach within reasonable beam times.
from our experimental results thaR is smaller than 5
X 10 ®. Considering reasonably that the sensitivity of the V. SUMMARY AND CONCLUSION
experiment reported in Refl] is limited to ~10% of the

(L+ M)-RZIEC cross sectiondrom their error bark i.e., to measurements( x-ray—K x-ray—e " capture by a channeled
about 10 cn?’ per target electron, our results represent ar]on) was used to estimate th€K-LLL trielectronic recom-

|mprov¢ment by more than FWO orderg of .magnltude for.thebination cross section for He-like krypton ions. An upper
upper limit of the trielectronic recombination cross sectlon.Iimit is obtained that corresponds to an improvement by two

cHr?;Arﬁ\(laelirr'] uilonr? dittri](fr)siwee ggs%n;gggzgecggcs'gﬁgﬁﬁt 'nof orders of magnitude over that obtained in previous ion-gas
9 > Y xperiments. The present result is compatible with theoreti-

our experiment by more than. one order of magnitude, 6?n(gal predictions: the shake-down mechanism that provides the
reach the range of the theoretical estimates, by the followmgnain contribution to double Auger rates for lavsystems

considerations: results of calculations of the baCkgroun%asamuch smaller contribution ¢ 36 (the shake-up, cor-
probability resulting from pure ion-electron interactiare., responding to trielectronic recombination, is not measurable

LM, ... REC—K-L EIE-K-L EIf are given in Fig. 5 herg. The “pure” three-electron correlation contribution to

e oot ebtas i bt st P (B TR s mor tha on order of magnitude below h
9 P X ensitivity of our experiment. The use of much better quality

ers. Using such a crystal would allow one to select lower X : )
" ) crystals could certainly help to observe this exotic electron

electron densities for well channeled ionground ture mode

0.1%~ A ~3, as we did in a previous REC experim¢hs]). capl '

For the same crystal thickness this background is calculated

to be below 107 at the resonance energy. Note that the

corresponding calculated resonance profile is narrower, be- We would like to thank the GANIL and CIRIL staffs for

cause both the width and the amplitude depend on the eletheir technical support, and J.-P. Marques, F. Parente, P. In-

tron density. Since the probability of these three uncorrelatedelicato, and N.R. Badnell for providing us the results of

events varies as the cube of the target thickness, using taeir calculations prior to their publication.

In summary, crystal channeling and triple coincidence
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