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Observation of dielectronic recombination through two-electror-one-photon
correlative stabilization in an electron-beam ion trap
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Dielectronic recombinationDR) for He-like Ar*®" through both one-electron—one-photon and two-
electron—one-photofTEOP) stabilizations of Li-like states was studied with an electron-beam ion trap
(EBIT). It turned out that this is an excellent method to investigate TEOP transitions. Its advantages are a high
branching ratio for the TEOP transition and clean conditions under which spectator electrons are controlled.
Further, state- and configuration-resolved KLL DR cross sections were obtained due to the unsurpassed elec-
tron energy resolution achieved in the EBIT in the energy range around 2 keV.
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Simultaneous multielectron transitions resulting in single-other competing strong radiative processes, the branching ra-
photon emission were predicted by Heisenbdrgin 1925.  tio of the TEOP transition is extremely high. At the same
The first experimental observation of two-electron—onetime, these experiments ensure unprecedented clean condi-

photon transitions(TEOP took place 50 years later in tions where spectator electrons in the ions can be completely
heavy-ion collision experiments by Wi et al. [2]. Since controlled. This is because the formation of the initial state

Lo ; ; f the TEOP transitions proceeds via DR resonances which
then, they have been studied in various experimgsusil], 0 : :
where m())/stly double inner-shall vacancies vF\)/ere produied. are well separated for different charge states due to the high

. i lectron energy resolution achieved in the present measure-
In the subsequent decay, the branching ratio of the TEOESnent. Specifically in this work, we studied the correlative

transitionK ,,,, in which twoL shell electrons jump into the gtapilization transition of 422p 2P, 4718282 %S, , follow-
K shell and release one photon, to the single-electron hypeing the KLL dielectronic recombinatiofDR) resonance of
satellite transitiork" was measured, as well as the energiesHe-like Ar ions in the EBIT.
of the emitted photons. The DR process is important in hot plasmas and is deci-
As was already pointed out by Condpt2], “multielec- sive for the_charge_ state balance in the plasma. Studies of DR
tron jumps occur because of the fact that spectral terms majgrocesses in He-like ions have been performed for several
not be precisely labeled by means of electron configuraflémentd14—23 by using EBITs, EBISs, or heavy-ion stor-
tions.” This means that multielectron atomic states cannot b&3¢ MNn9s- So far, state- or configuration-resolved high elec-

. . ; ) . _fron energy resolution DR experiments have only been per-
perfectly described by using single-electron conflguratlon%rmed at heavy-ion storage rinf@2—25, which have been

but, instead, a summation over a group of configurations i$he nrimary tools at low center of mass interaction energy,
needed. Thus, predictions of TEOP transitions are very sefi pelow a few hundred eV. Due to the low interaction

sitive to the multielectron wave functions used and, theregnergy, storage rings are mostly used to investigate= 0
fore, experimental studies of this process supply stringentyr processe$24,25 and An>0 DR in light ions[22,23.
tests of the different theoretical models. In addition, these=qr heavier ions, wherdn>0, DR needs higher collision
transitions can provide sensitive diagnostic means for hognergies and at present EBITs or EBISs are more suitable
plasmag13]. N tools, although the electron-beam energy resolving power
However,K,, is a much slower transition compared 10 has been relatively low in all reported measurements to date.
K&, hence its branching ratio is extremely small, .g540 As a compensation, EBIT studies have an important advan-
for Z=26, which makes measurements very difficult. More-tage over current storage-ring experiments since emitted
over, the uncertain number of accompanying outer-shell vaphotons are observed. This opens up possibilities to study
cancies created with the douldeholes in most of the above-  stabilization pathways in detail. In the work of Beiersdorfer
mentioned experiments disturbs the comparison betweegt al. [18], for example, a high-resolving power of the pho-
experimental results and theoretical predictions. ton energy was used for DR studies, thereby compensating
In this paper, we show an excellent method to investigatéor the lower resolution of the electron-beam energy. In the
TEOP transitions with a very high branching ratio, whichwork of Ali et al. [14,15, DR cross sections, as well as
simplifies significantly the measurement. Instead of observdifferential cross sections of He-like Ar ions were studied by
ing theK ,, TEOP transitions, we measure the TEOP transi-using an EBIS. In their work, the DR cross sections were
tions between the £2p and 1s2s? states. As there are no obtained by studying the charge state fractions of extracted
ions from the EBIT, and the differential cross sections were
from fast electron energy scanning x-ray measurements per-
*Electronic address: zouym@fudan.edu.cn formed at 0°.
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FIG. 1. lllustration of KLL dielectronic recombination for a He- I'keF'Ioci\' 2. lllustration ofn=2 radiative recombination for a He-
| | .

like ion. Both electrons in the doubly excited intermediate state

have the possibility to relax into theslshell. . . . . .
In this process, a free electron is recombined with an ion

feleasing a photon in order to maintain energy conservation
(see Fig. 2 RR is not a resonant process with respect to the

cific configurations of $2s2p and 1s2p? at a similar resolv- electron energy and, hence, it is ass_ociated with a continuous
ing power as those reported at storage rings, but using a ectral featu_re: the photon energy 1S (_equal to the sum O.f the
EBIT at much higher interaction energy, i.e ébove 2 ke electron kinetic energy and the ionization energy of the final

The experimental method was basically same as that of Aﬁelectronlc state.

et al. [14,19 in their x-ray measurements. The differences In this work, we measured x-ray intensities as a function
are following: In this work, the x rays were detected at 9O°Of the x-ray energy and the electron energy, as shown in the

with solid angle (8.% 10~ %4 sr) of three orders of magni- scatter plot in Fig. 3. The TEOP transition energy and the

tude higher than theirs, the electron-beam energy resolutioﬁasonam elec.tron-beam ef;e;gy for the DR process .to the spe-
is five times higher as compared to their work, and ﬁna”y,cmc intermediate statesPs” °S;;, were determined simulta-

the measurements were performed under a steady-state EBT?OUSIy' Using a proper normalization, the cross sections for

running mode instead of fast scanning mode employed iﬁhésrepfgt?ﬁegnda;%r tt::s 23;?&;-% ?rlzn(;ft'lgr?-lrlgteeAr ;an i
their x-ray measurements. w ined, v ” W x

The DR process is resonant, in which a free electron iéracted. . . .
captured by an ion and, at the same time, another bound The experiment was carried out at the electron-beam ion

electron is excited, thereby forming an intermediate doubl)}rap FreEBIT of the University of Freiburp6] (now at the

excited state. Up to this point, this is just the time-reverse PI-K in Heidelberg. The x-ray photons were measured

. . : o sing a high-purity germanium detector with a resolution of
Auger process. If this intermediate state is stabilized by th_éjbout 150 eV. The electron-beam energy was scanned from

emission of one or more photons, then the DR process |$5 10 4.0 keV. By using very low beam curren7—5.7

In this paper, we report resolved DR cross sections o
He-like Ar to the Li-like specific state €2s?°S,,, and spe-

complete: mA), the energy spread of the electron beam was reduced to
e AT (A DH )R L A@-D* 4, 8-eV FWHM (full width at half maximum, which gives a
1 o KLN
3
(A@-D*)* 1y = KLM
On the other hand, the intermediate state usually has «&
large probability to decay through Auger processes, in which 2
case the DR was not “successful” because no recombinatior &
finally took place; instead only resonant scattering of the & [ Fyafistike | e B
electron occurred. In this work, we are interested in KLL DR £
processes of He-like Ar ions as shown in Fig. 1. A free elec- 8 -
tron with energyE, is recombined with a ground-state He- é S
like ion, forming intermediate Li-like 42121’ states, specifi- ©
cally the 1s2s?, 1s2s2p, or 1s2p?. These intermediate |t
states are then stabilized throughk, transitions:
1s%2p-1s2s?, 1s?2s-1s2s2p, and 1s?2p-1s2p?. Among 2200 3200
them, 1s?2p-1s2s? is the TEOP transition of interest, which Electron Beam Energy (eV)
actually contains two transitions to the different fine-
structure state$Py; 3. FIG. 3. Scatter plot of the x-ray intensity vs the electron-beam

In DR studies, an important accompanying process is &nergy K axis) and x-ray energyY axis). The first group of spots
radiative recombinatiorfRR) that can occur at any given s the KLL DR resonances to the He-like, Li-like, Be-like, and
electron energy: B-like Ar ions. The KLM, KLN, and other DR events can be seen in

the figure. Taking the K, cut” produces the spectrum shown in
e +AIT SA@ DY LRy Fig. 4.
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g Here,n, is the density of A¥", o4 is the electron-impact
] ionization cross section for AF, o, is the cross section for

200k the capture of electrons by At" (with an average velocity

of v) from the residual gas of density,, ocq is the capture

cross section for any number of electrons by Arogrgqis

¥ the RR cross section of Af, opg is the DR cross section

o 2160 2180 2200 2230 2240 for He-like Ar ions, andj./e is the electron-beam current
Electron beam energy (eV) density normalized tee, the electronic charge. For highly

charged ions, the multielectron capture cross section is not
FIG. 4. A portion of the 'K, cut” projection (horizonta) from  negligible compared to single-electron capture. In this work,

the Fig. 3 scatter plot is shown, highlighting the He-like part of thewe included double-electron capture in the rate equations.

KLL DR events’ x-ray intensity as a function of the electron-beam For steady state, we obtain

energy.

dngs

resolving power ofE/(FWHM) =270, corresponding to a dngg
resolution of 0.3%. This allows us to resolve the He-like Ar

DR resonance to thesPs??S,,, state from those to the

1s2s2p and 1s2p? configurations, as illustrated in Fig. 4, . . ]
showing a part of th&, x-ray cut(the horizontal cutfrom ~ Where f115/n1g)o is the off-resonance density ratio. By as-
the scatter plo{see Fig. 3. Due to the low electron-beam SUMing thatn,s+nye=n stays constant during the He-like
currents used here, charge exchange between the highiR resonance, the DR event count rate will be

charged ions and residual gas atoms was very competitive,

making the lower charge states, i.e., Li-like, Be-like, etc.,  Re(Ee)=N(e,je/e,n)W(0)opr(Ee)/(0pr(Ee) 015

rather pronounced. The me_asurement was repeated 11 times, +(Nys/Nyg)o+1).

at electron-beam currents in the range between 2.7 and 5.7

mA, to ensure that the statistical uncertainty of the intensity . . - . . . '
of the weakest peak was less than 2% after averaging over a)(€:€:Je/€.n) is a coefficient including the detection effi-
the datasets. Figure 4 shows one individual measuremerffl€NcY: the electron current density, and the total number

The absolute resonance energy was determined after appl gn.sit.y of He-like and Li-IiKe Ar ionsW(#), is the apgu_lar
ing a correction for the space charge of the electron bea ariation of the photon emission caused by polarization of

which was found to be linearly dependent on the electroni€ DR stabilizing radiation. We assume a Gaussian shape
o), asopg has to be folded with the electron-beam

beam current, as expected. By varying the electron-bea?’ 9or(E ) : -
current from 2.7 to 50 mA and extrapolating to zero current €N€rgy E. resolution. The assumption thags+nye=n re-

the resonance energy can be determined with an estimat&@@ins constant introduces less than 10% uncertainty in the
error of 1.1 eV. cross section obtained at the strongest resonance, and even

The EBIT was run in a “steady-state mode” for this ex- smaller values at weaker resonances. The other main error

periment, which means that the electron-beam energy wasource arises from the statistical uncertainty which contrib-
varied so slowly that the ion charge distribution at each enY(€S 1€ss than 2%, even for the weakest resonance. The re-

ergy is essentially identical to that of the static case. HencesUlts are listed in Table I. The ionization cross sectios,
the rate equations for He-like, Li-like, and Be-like Ar ions Of Li-like Ar was taken from Younger's work27] and the

for the electron-beam energy at the He-like KLL DR reso-Other cross sections used for error estimates are from Selberg
et al. [28] and Youngeff29].

The cross sections obtained for the DR processes starting
from ground-state He-like Ar ions to produce Li-like
Ar1s2s?, 1s2s2p, and 1s2p? configurations are listed in
Table I, along with the resonant electron energy of the DR
from 1s? 1S, to 1s2s? 2S,,,. Since the resonance energies of
the DR to 1s2p? *P overlap with those of 42s2p, the cross
section for k2s2p in this work is mixed with a weak com-

=0pr/ 01151 oRR/ 0115+ €NgU O c16/ (] £0115)

=opr/ 0115+ (N15/N16)0,

nance are as follows:

dnsg
a9t (N1507115— N160pR— N160RR16) J /€~ N16N0TC16V s

dnis B B ponent from the contribution ofsPp? *P. This introduces
W_(nmo'llzl N150RR15~ N15071151 N160 DR an uncertainty of roughly 3%, which was estimated using the
) L transition rates from Bhalla and Tunnell’s wofB0O]. The
+N160RR)J /€~ N15No0C150 + N1gNoT 16V, rate  of the two-electron—one-photon  transition
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TABLE I. This table presents the cross sectiangor the DR
processes from ground-state He-like Ar ions to Li-like28?,
1s2s2p, and 1s2p? configurations and their summatioB o
(KLL), the resonant electron energge for the DR from 152 1S, to
1s2s?2S,;,, and the rateé\ of the two-electron—one-photon transi-
tions, 1s22p 2Py, 5/ 1525% 2S5, together with their photon ener-

giesE, . The theoretical results were obtained by using the Auger
electron energies, branching ratios, x-ray fluorescence yields, a

lifetimes from the work of Bhalla and TunndlB0].

Expt. Theor.
This work Others
(18252 2S,,) (100 cnPeV)  1.05-0.1 0.974
0.9922
o(1s2s2p) (107 2% cn? eV) 12.8+1.3 13.1
o(1s2p?) (102 cn? eV) 49.5+6.0 50.1
S0 (KLL) (102 cn? eV) 63.4-75 59.4° 642
0(1525?2S,)/S 0 (KLL) 0.017+0.002 0.0152
Eo(152522S,,,) (eV) 2159.7+1.1 2160.6 2162.5
A (102571 4.76+0.57 4.42
4.492
E.(?P12?S10) (eV) 3044t6  3047.1° 3049.6
E.(?P3-°S10) (eV) 30416  3044.0° 3046.4

@0btained using the-(1s2s? 1S;)/3 o (KLL ) from this experiment
and normalized to the total cross section from édial. [15].
PExperimental result with error of 9%, from At al.[15].
‘Obtained using the level energies from the NIST database.

1522p 2Py 37 1525? %Sy, was extracted from the DR cross

section of the 1S, to 1s2s”2S,,, state according to the
following relation:

A(15°2p 2Py 37~ 1525 %Sy )
= 0pr(1525% 28, 5) 2MEQ; /(9sm°h°R,),

wherem is the electron mass$y, is the branching ratio for
Auger decay to the total dec&$0], andg; andgs denote the

PHYSICAL REVIEW A67, 042703 (2003

As can be seen in Table I, the total KLL DR cross section
obtained in this work (63#7.5)x10 2°cn?eV, agrees
with the EBIS result of 59410 2° cn? eV, of Ali et al.
[15]. The DR cross sections for thesds? 2S,,, state and the
1s2s2p and 1s2p? configurations are the first obtained ex-
perimental results—no other experimental values are avail-

ble for comparison. All the cross sections obtained here

agree well with the theoretical predictions of Bhalla and Tun-
nel [30].

In the present measurements, the initial state of the TEOP
transition is formed by a well-defined DR resonance from a
well-resolved charge state, so that no spectator electrons are
involved in the TEOP transitions. Under such clean condi-
tions, we can confidently compare our TEOP results with the
available theoretical calculations for Li-like Ar ions, and we
find that they coincide with the Hartree-Fock predict|@0]
within the experimental uncertainty. All of the TEOP rel-
evant energies, i.e., the electron resonant energy of the DR
process to $2s°2S,,,, and the TEOP transition x-ray ener-
gies are compared also to those from the NIST database, and
are found to be in good agreement.

In summary, we observed DR through both one-electron—
one-photon and two-electron—one-photon stabilizations in
Li-like Ar ions and obtained experimental DR cross sections
from He-like Aris?!S, to the Li-like specific state
1s2s?2S,,, and specific configurationss2s2p and 1s2p2.

Both were made possible by the excellent electron energy
resolution achieved at energies beyond the reach of current
storage-ring experiments. This method to investigate two-
electron—one-photon processes has the advantage of a high
branching ratio for this type of transition and a well-defined
initial electronic configuration.
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