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Method for determining absolute partial cross sections for radiative and nonradiative
deexcitation of metastable hydrogenlike ions
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In this work we present a method developed to measure separately the radiative and nonradiative contribu-
tions to the cross section for collisional deexcitation of metastable hydrogenlike ions. We present the results of
the first experiment applying this method, where deexcitation of metastable He1(2s) ions in collisions with
argon atoms is considered. First the total deexcitation cross section for 6.6 keV4He1(2s) ions is measured
absolutely in a beam-gas attenuation experiment. Then the absolute cross section for nonradiative deexcitation
is measured separately by coincident detection of projectiles keeping their initial charge state 11 and recoil
ions ~formed only innonradiativedeexcitation events!. Further, we discuss a semiclassical calculation of the
radiative deexcitation cross section, in which the influence of competing electron-capture processes is taken
into account in a semiempirical fashion. The result is in agreement with the measured radiative deexcitation
cross section of (5.461.3)310216 cm2, which amounts to (7068)% of the total deexcitation cross section.
@S1050-2947~98!04110-9#

PACS number~s!: 34.50.Fa, 32.10.Dk, 52.20.Hv
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I. INTRODUCTION

When one or both collision partners in an atomic collisi
process are in an electronically excited state, excitation
ergy may be transferred from one to the other. A well-kno
example of this is a HeNe laser where the upper laser leve
the neon atom is populated in a nearly resonant excita
transfer collision between a metastable helium atom an
ground-state neon atom@1#. Other examples of excitation
transfer collisions are the so-called energy-pooling collisio
where two excited atoms collide and form a final state w
one atom highly excited and the other one in the ground s
@2–4#. A special situation arises when an excited atom c
lides with a ground-state atom of a different element with
ionization potential lower than the excitation energy of t
excited atom. In this case an excitation transfer collision m
lead to ionization of the target. This process is known
Penning ionization and has been the subject of exten
experimental and theoretical investigations since it was
proposed by Penning@5#. Penning ionization in thermal col
lisions between metastable and ground-state neutral a
has been reviewed by Hotop@6# and Niehaus@7#.

In the 1970s three measurements of thetotal collisional
deexcitation cross section for He1(2s) ions colliding with
various targets at collision energies ranging from ne
thermal@8,9# to keV @10# energies were performed. Theore
cally, collisional deexcitation of ions was first considered
Lamb in connection with Lamb shift measurements for H1

ions @11,12#. A calculation of the cross sections for radiativ
PRA 581050-2947/98/58~4!/2887~8!/$15.00
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and nonradiative deexcitation in He1-He collisions at ther-
mal energy (E523 meV) was performed and it was foun
that the radiative part constituted 68% of the total deexc
tion cross section. In connection with the measurement
sub-eV collision energies of Prior and Wang@8#, the rate of
radiative deexcitation was calculated by a semiclassical
proach, which we also apply in this work. Their comparis
of calculated results for radiative deexcitation and measu
total deexcitation rates was consistent with zero contribut
from nonradiative deexcitation, but with the rather large s
tematic experimental uncertainties a significant nonradia
contribution could not be excluded@8#.

In the present work, we emphasize an experimen
method to separately determine the cross sections for ra
tive and nonradiative deexcitation. As a first test of this te
nique we consider 6.6 keV4He1(2s)-Ar collisions and de-
termine separately the cross sections for the radiative

He1~2s!1Ar→He1~1s!1Ar1hn

and nonradiative

He1~2s!1Ar→He1~1s!1Ar11e2

deexcitation processes@13#. He1(2s)-Ar collisions are of
specific interest in fusion research since He1(2s) is formed
in abundance in resonant charge exchange in He21-H colli-
2887 © 1998 The American Physical Society
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2888 PRA 58H. T. SCHMIDT et al.
sions and argon is considered for gas injection at the To
mak plasma periphery to enhance plasma edge radia
cooling @14#.

The mechanism for radiative collisional deexcitation c
be described as follows: The target atom is polarized in
electric field of the approaching projectile ion. This induc
electric dipole field of the target atom in turn acts on t
projectile to Stark mix the 2s and 2p states. For distance
smaller than a few atomic units the Stark splitting exce
the zero-field 2s1/2-2p1/2 splitting. For about one femtosec
ond, the field is sufficiently strong to completely mix th
2s1/2 and 2p1/2 levels. After the collision, there is therefore
high probability that the ion is found in the 2p1/2 state result-
ing in decay to the ground state on a 100 ps time scale. In
work of Prior and Wang@8#, a semiclassical approach is us
to derive the cross section for radiative deexcitation. He
we modify this model by taking into account competin
electron-capture mechanisms at small impact parameters
the present velocity range, the dominating mechanism
nonradiative deexcitation is probably electron capture
doubly excited states of the projectile followed by autoio
ization at large internuclear distance.

In the following section the experimental setup is p
sented. Section III is concerned with preparatory meas
ments of the fraction of metastable He1 ions in the beam and
the cross sections for single electron capture in Ar
He1(1s) and He1(2s) projectiles. In Sec. IV we describ
the measurement of the total deexcitation cross sect
whereas Sec. V is dedicated to the determination of the c
section for Penning ionization. Finally, in Sec. VI the resu
are discussed and it is shown that the measuredradiative
deexcitation cross section compares favorably with the re
of a semiclassical treatment of 2s-2p mixing in the induced
Ar dipole field when the fact that electron capture, radiati
and nonradiative deexcitation are exclusive processes
certain range of impact parameters is taken into account

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. It consists
three movable gas cells of length 38 mm and entrance
exit hole diameters of 1.5 mm and 1.7 mm, respectively. T
gas pressures are measured absolutely by means of a
tron. In the preparation phase of the experiment, the th
cells are aligned on a common optical axis, but for the ac
measurements the cells are slightly displaced with respe
each other. In this way the charge state of interest can
selected after each cell applying only weak electric fields
that field quenching of the metastable ions is avoided.

FIG. 1. Schematic of the experimental arrangement.
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In the first of the three gas cells, the He1 beam is pro-
duced by electron capture from krypton to a 6.6 keV4He21

ion beam. Roughly 10% of the incoming beam captures
electron and becomes He1, and out of these a fractionF0 ~of
the order of 10%, see Sec. III! will be in the metastable 2s
state.

The He1 beam formed in the first cell is then directe
through the second cell where, in the case of the total de
citation cross-section measurement, a fraction of the m
stable ions are deexcited to the ground state in collisi
with the target atoms. Before and after this cell the be
passes electric field quenching devices in which the m
stable ions can be effectively deexcited to allow for bac
ground measurements with all ions in the ground state.
electric field quenchers each consist of three para
stainless-steel plates with 4 mm diam holes for the beam
pass through. The first and last plates are grounded, whe
the middle one can be put on a negative high voltageVq .
The plate separations are 5 mm. Taking into account
nonuniformity of the fields due to the holes in the plates,
probability for an ion to remain in the 2s metastable state
after passage through both quenchers was calculated t
less than 231024 for Vq521.5 kV @11#.

From the third gas cell recoil ions can be extracted a
accelerated onto a Ceratron electron multiplier detector
single-particle counting mode. After the cell, the projectil
are charge-state analyzed by an electrostatic deflector a
position-sensitive microchannel plate detector with a re
tive anode. The charge states of the recoil ions are de
mined by their time-of-flight as measured by means of
time difference between the arrival of a recoil ion at its d
tector and the corresponding coincidence signal from
position-sensitive projectile detector. The flight time fro
the first to the third cell is only 2.4ms, therefore the spon
taneous decay with a lifetime of 1.9 ms@9,15# is negligible
compared to the collisional deexcitation in the experimen

The basic idea of the experiment is to perform two ser
of measurements, one of which is devoted to a determina
of the total collisional deexcitation cross section,sde

tot(Ar),
while the aim of the other measurement series is to de
mine separately the cross section for nonradiative collisio
deexcitation,sde

NR(Ar). The radiative deexcitation cross se
tion, sde

R (Ar), is finally obtained by subtraction.
The total deexcitation cross section is measured in

following way: First we identify a collision process in cell 3
which has a high cross section in the case of a metast
projectile but a very low~ideally zero! cross section in the
case of a ground-state projectile. We can now record
relative yield of recoil-ion charge-state projectile-ion charg
state coincidences corresponding to this process as a fun
of the argon pressure in cell 2. We thus obtain an attenua
curve bearing information on the total deexcitation cross s
tion in argon. This method relies on the change in the me
stable fraction of the beam entering cell 3 due to deexcit
collisions in cell 2. This metastable fraction is, however, a
affected by collision processes that cause loss of He1 ions if
the cross sections for these processes are not equa
ground- and metastable-state ions. The by far domina
contribution to this beam loss is electron capture, and
order to derivesde

tot(Ar) from the measured attenuation cro
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PRA 58 2889METHOD FOR DETERMINING ABSOLUTE PARTIAL . . .
section, we need to determine the difference between
total electron-capture cross sections for He1(1s) and
He1(2s) from Ar at 6.6 keV projectile energy. A measur
ment of these cross sections is described in Sec. III.

The determination of the nonradiative deexcitation cr
section ~defined as the sum of single and double Penn
ionization! is a more straightforward measurement. Cell 2
not used for this, and the target gas of interest~here Ar! is
introduced in cell 3. The cross section for Penning ionizat
is then determined by calibrating the yield of He1-Ar1 co-
incidences to the target thickness, the detection efficienc
and the flux of He1 ions through cell 3. To deduce the Pe
ning ionization cross section for a metastable projectile
from this measurement, we need to know the~much smaller!
single ionization cross section for a ground-state projec
ion and the metastable fraction of the He1 beam created in
cell 1. The ground-state cross section is determined sim
by repeating the measurement of the (He1-Ar1) coincidence
rate with the field quenchers on. The more involved probl
of determining the initial metastable fraction is treated in
following section.

III. PREPARATORY MEASUREMENTS

A. Determination of the initial metastable fraction F 0

In this subsection it is discussed how to determine
initial metastable fractionF0 , which results from the
electron-capture process (He211Kr→He11•••) taking
place in cell 1. With a beam consisting of a mixture
ground- and metastable-state ions, the measurable qua
for a given collision process,i, will be the effective cross
section,seff

i (F), which is a function of the metastable fra
tion F at cell 3:

seff
i ~F !5Fs2s

i 1~12F !s1s
i , ~1!

where s1s
i and s2s

i are the cross sections for processi ~a
specific combination of final projectile and target char
states! for He1(1s) and He1(2s) ions, respectively. Using
Eq. ~1!, we find the following expression for the initial meta
stable fraction:

F05
12seff

i ~F5F0!/s1s
i

12s2s
i /s1s

i . ~2!

For a collision processi with s1s
i @s2s

i , we find the approxi-
mate resultF0512seff

i (F5F0)/s1s
i . We may thus deter-

mine F0 by measurings1s
i and seff

i (F5F0), which corre-
sponds to measurements of the effective cross sections
and without the field quenchers on@see Eq.~1!#.

A good candidate for a process for which the cross sec
is much larger for a He1(1s) ion than for a He1(2s) ion is
electron capture in He, where, in the case of a ground-s
projectile ion, there is a strong contribution from the res
nant single-capture collision process:

He1~1s1/2!1He~1s2 1S0!→He~1s2 1S0!1He1~1s1/2!.

We introduce He in cell 3 and measure the total capture c
sections with and without electric field quenching. Since
only need the ratio of two cross sections to determineF0 , we
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do not need to worry about systematic effects such as
effective target length, the pressure, and the projectile de
tion efficiency. We thus only determine the normaliz
yields, defined asY5N0/(N1p3), whereN0 andN1 are the
numbers of neutrals and ions detected during a certain m
suring time andp3 is the pressure in cell 3 in mTorr. To
correct for effects of multiple collisions, we measureY for a
number of different values ofp3 and extrapolate top350.
Figure 2 showsY as a function ofp3 measured with and
without the electric field quenchers. Forp3→0, we find
YqON(He)50.089360.0018 mTorr21 with the quenchers
on and YqOFF(He)50.081260.0017 mTorr21 with the
quenchers off. Using Eq.~2!, we find the lower limitF0
>(9.162.6)%.

Shah and Gilbody@16# measuredF0 for He1 beams pro-
duced from He21 in collisions with Kr for projectile energies
ranging from 3.3 keV/amu to 20 keV/amu. Their techniq
was based on detection, with known efficiency, of the 304
photon emitted when the metastable ions deexcited in
electric field. At their lowest energy point they foundF
5(10.061.4)%. Since this result is consistent with o
lower limit, and since only very little variation with projec
tile energy was observed, we adopt their lowest energy va
and increase the error estimate to 20% and hence choo
use the valueF05(1062)% in the following.

B. Determination of total capture cross sections in Ar

The measurement of the total collisional deexcitati
cross section to be described in Sec. IV is based on
detection of a change in the metastable fraction of the H1

beam due to deexcitation in the Ar gas in cell 3. To t
extent that the total capture cross sections for ground-
metastable-state ions are not the same, the metastable
tion will also be changed due to the unequal probabilities
He1(1s) and He1(2s) ions to be neutralized and thereb

FIG. 2. Normalized yields for electron capture to He1 from He,
Y, defined as the ratio of the number of detected neutralized pro
tiles, N0, to the number of detected projectile ions,N1, divided by
the He pressure,p3 , in the third cell are shown as a function ofp3 .
By extrapolating top350, effects of multiple collisions are elimi-
nated. The filled circles are data points for the case of a beam
the initial metastable fractionF0 , while the open squares show da
recorded with a pure ground-state beam obtained by electric-
quenching of the metastable beam component.
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2890 PRA 58H. T. SCHMIDT et al.
lost from the He1 beam. To account for this problem w
need to determine the total capture cross sections for gro
and metastable-state ions,s1s

10(Ar) and s2s
10(Ar).

In a manner identical to the one described in the prec
ing subsection, we determine the normalized yields for e
tron capture with Ar in cell 3 with and without the fiel
quenchers on. The normalized yields as a function of the
pressure,p3 , are plotted in Fig. 3. Extrapolating top350,
we find the resultsYqON~Ar!50.051 8560.000 49 mTorr21

andYqOFF~Ar!50.051 7760.000 54 mTorr21. The cross sec-
tions are proportional to the normalized yield with the fac
of proportionality given byC5(kT/L3)(e ion /eneutral), where
k is Boltzmann’s constant,T5293 K is the temperature o
the gas,L35(3765) mm is the effective target length, an
e ion andeneutralare the detection efficiencies for He1 and He0

at the projectile detector.L3 is shorter than the geometrica
length because of the reduction in pressure in the vicinity
the recoil-ion extraction hole. The uncertainty ofL3 includes
a contribution from the estimated error of the press
measurement.

The ratio of the detection efficiencies can be measure
the following way: The ratio of the total count rate at th
detector with a certain pressure in cell 3 and the count
with no gas in cell 3 is measured many times in order
reduce the influence of beam intensity fluctuations. With
in cell 3 the apparent charge exchange fraction~found when
equal detection efficiencies are assumed! is determined.
From this apparent charge exchange fraction and the c
rate ratio the true charge exchange fraction as well as
ratio of the efficiencies can be deduced. We thus meas
e ion /eneutral51.5460.11, where the error is dominated by th
influence of varying beam intensity.

Through Eq.~1! we get the difference between the tw
cross sections, which is what is needed for the measurem
of the total deexcitation cross section;s1s

10(Ar) 2s2s
10(Ar)

FIG. 3. Normalized yields for electron capture to He1 from Ar,
Y, defined as the ratio of the number of detected neutralized pro
tiles, N0, to the number of detected projectile ions,N1, divided by
the Ar pressure,p3 , in the third cell are shown as a function ofp3 .
The closed circles are data points for the case of a beam with
initial metastable fractionF0, while the open squares show da
recorded with a pure ground-state beam obtained by electric-
quenching of the metastable beam component. The difference
tween the normalized yields with and without field quenching
found to be consistent with zero.
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5C/F0(YqON2YqOFF)5(1.069.2)310217 cm2, consistent
with the two cross sections being equal. Our results for
individual cross sections are s1s

10(Ar) 5(6.461.0)
310216 cm2 ands2s

10(Ar) 5(6.361.4)310216 cm2.
Shah and Gilbody@10# have made very accurate measu

ments of these cross sections for projectile energies in
range 5–20 keV/amu. At their lowest energy point th
found s1s

1057.3310216 cm2 ands2s
1056.1310216 cm2.

IV. MEASUREMENT OF THE TOTAL DEEXCITATION
CROSS SECTION sde

tot
„Ar …

The target gas of primary interest~Ar! is introduced in
cell 2, where it acts to change the metastable fraction of
He1 beam~formed in cell 1! mainly by deexcitation colli-
sions. In cell 3 we will then consider a collision processi,
for which s2s

i @s1s
i , so thati is a good indicator process fo

metastable ions reaching cell 3.
To identify such a process, we measure with no gas in

2 and xenon in cell 3 with and without the electric fie
quenchers on. Xenon is used in cell 3 because it turns ou
be a good indicator for metastable ions emerging from cel
We record time-of-flight spectra for recoil ions in coinc
dence with He1 ions and in coincidence with He atoms pr
duced in capture collisions in cell 3. This is done both fo
beam with the original metastable fraction from the produ
tion in cell 1 and with a beam of purely ground-state io
obtained by applying the electric field quenchers. The fo
resulting time-of-flight spectra are shown in Fig. 4.

From Fig. 4 we find that there are two final charge-st
coincidences that have strongly reduced signal stren
when the electric field quenching is applied. These
He1-Xe1, which corresponds to single ionization of the ta
get atom (i 5SI), and He0-Xe31, which corresponds to
transfer of one electron from the target atom to the projec
ion accompanied by the emission of two additional electro
from the collision process. We refer to the latter process
transfer double ionization (i 5TDI).

We introduce Ar in cell 2 and measure the effective cro
sections for TDI and SI in cell 3 as a function of the press

c-

he

ld
e-

FIG. 4. Time-of-flight spectra recorded with and without th
electric-field quenching with xenon in cell 3 in coincidence wi
He1 and with He0 projectiles. The four spectra are recorded for t
same integrated beam intensity and the same pressure in cell
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PRA 58 2891METHOD FOR DETERMINING ABSOLUTE PARTIAL . . .
in cell 2 ~0–23 mTorr!. Furthermore, the result of the me
surement with the field quencher on and therefore no m
stables is put in as a data point at high pressure~‘‘ p25100
mTorr’’ !. The effective cross sections as functions ofp2 are
plotted in Fig. 5.

To extract the total deexcitation cross section from
data of Fig. 5, we need to consider in detail how the me
stable fraction is affected by the collisions with argon ato
in cell 2. From the work of Shah and Gilbody@10#, we esti-
mate that the cross section for projectile electron loss fr
He1(2s) is about two orders of magnitude lower than f
electron capture. This is corroborated by the fact that
have not been able to observe this process in our meas
ments. Thus, the processes in cell 2, which affects the m
stable fraction, are collisional deexcitation, electron capt
to ground-state ions, and electron capture to ions initially
the metastable state. Solving the rate equations when t
three processes are taken into account, we find fors1s

10

2s2s
10!sde

tot ~valid here! that the metastable fraction after ce
2 is given by

F5F0exp$2@sde
tot2~s1s

102s2s
10!#L2p2 /kT%. ~3!

By inserting Eq.~3! in Eq. ~1!, we find the following expres-
sion for the effective cross section measured at cell 3 a
function of the argon pressure in cell 2:

seff
i ~Xe!5Aiexp~2Bp2!1Ci , ~4!

where the parametersAi , B, andCi are given by

Ai5@s2s
i ~Xe!2s1s

i ~Xe!#F0 ,

FIG. 5. Effective cross sections, defined asseff
i 5Fs2s

i 1(1
2F)s1s

i , for single ionization and transfer double ionization as
function of the pressure,p2 , of argon in cell 2. The measure
values ofseff

i change withp2 through the change inF caused by
deexciting collisions in cell 2. The points atp25100 mTorr are the
results of a measurement with the field quenchers on to establis
ground-state contributions to the observed effective cross sect
The full curves are fit curves to extract the total deexcitation cr
section.
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B5$sde
tot~Ar!2@s1s

10~Ar!2s2s
10~Ar!#%L2 /kT,

Ci5s1s
i ~Xe!.

Note thatB, which contains the information of interest, do
not depend on the initial metastable fractionF0 . Nor does it
depend on which collision process is considered in cell 3i
5SI or i 5TDI). We fit Eq. ~4! to the two sets of data
presented in Fig. 5 by consideringAi , B, and Ci as fitting
parameters. In this way we find two independent values foB
and thereby for the effective attenuation cross sectionsatt

5@sde
tot2(s1s

102s2s
10)#. Based on the transfer double ioniz

tion data we findsatt
TDI5(7.3561.01)310216 cm2 and from

the single ionization data we findsatt
SI5(7.9061.41)

310216 cm2. As our result we take the weighted average
these two values:satt5(7.5460.82)310216 cm2. Using
our independent result from Sec. III B@s1s

10(Ar) 2s2s
10(Ar) #

5(1.069.2)310217 cm2, we arrive at the total collisiona
deexcitation cross section sde

tot(Ar) 5(7.661.2)
310216 cm2.

V. MEASUREMENT OF THE CROSS SECTION
FOR NONRADIATIVE COLLISIONAL

DEEXCITATION sde
NR

To determine the cross section for nonradiative deexc
tion ~Penning ionization!, we make a separate measureme
with the same apparatus. We introduce argon in cell 3
determine the cross sections for single and double ioniza
for projectile ions in the ground and metastable states~cell 2
is now empty!.

In Fig. 6 we show time-of-flight spectra recorded wi

the
s.
s

FIG. 6. Time-of-flight spectra showing the pure ionization cha
nels (He11Ar→He11Arq11qe2, q51,2) for a beam with the
initial metastable fraction and for a beam where the metasta
have been field quenched. The spectra are recorded with the
integrated flux of primary ions and the same pressure in cell 3.
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2892 PRA 58H. T. SCHMIDT et al.
argon in cell 3 and in coincidence with projectiles, whi
remained in charge state 11. Data are shown for the two
cases with and without the electric field quenching. We fi
significant rates for both single and double ionization and
both cases the signal is strongest when the field quenchin
not applied, showing that the cross sections for these
cesses are higher for the metastables than for the gro
state ions.

To extract cross sections from the time-of-flight spect
we need to normalize the integrated peak areas to the inc
ing beam, the target thickness, and the detection probab
of the recoil ions. The detection efficiency for the projectil
does not enter in the determination of the ionization cr
sections since the projectiles, which takes part in
(He1-Arq1) coincidence event, are detected with the sa
charge and at the same position on the detector as the
mary beam.

The detection probability for the recoil ions is determin
experimentally as the ratio of the number of neutralized p
jectiles detected in coincidence with a recoil ion of a
charge state to the total number of detected neutralized
jectiles. These data are recorded at the same time as
ionization data giving a value for every measurement.
typical result was a detection probability of 2.5% with som
fluctuations probably caused by slightly different steer
through the third gas cell, but since the efficiency is det
mined simultaneously with the ionization measurement
does not affect our results. The low value of this detect
probability is mainly due to the small length of the extracti
aperture of the gas cell compared to the total cell leng
Corrections are made for the beam attenuation due to cap
in cell 3 and, for the case when the field quenching is
applied, due to deexcitation collisions before the extract
aperture in cell 3.

From the ionization data recorded with the electric fie
quenchers on, we determine the cross sections for single
double ionization with ground-state ions and finds1s

SI

5(1.3960.17)310217 cm2 ands1s
DI5(2.7561.03)310218

cm2. From the data without field quenching we extract t
effective cross sections for a beam consisting of a mixture
metastable- and ground-state ions with the initial metasta
fraction F0 : seff

SI (F0)5(3.1860.24)310217 cm2 and
seff

DI(F0)5(5.8961.71)310218 cm2. Using F05(10
62)% ~see Sec III A! and applying Eq.~1!, the cross sec-
tions for single and double ionization of the target in a d
excitation collision are found to bes2s

SI5(1.9460.46)
310216 cm2 ands2s

DI5(3.462.1)310217 cm2. The sum of
the cross sections for these two processes, single and do
Penning ionization, gives the nonradiative deexcitation cr
section:sde

NR(Ar) 5s2s
SI1s2s

DI5(2.360.5)310216 cm2.

VI. RESULTS AND DISCUSSION

We find the contribution from radiative deexcitation to t
total cross section as the difference between the total
nonradiative deexcitation cross sections found in the
preceding sections: sde

R (Ar) 5sde
tot(Ar) 2sde

NR(Ar) 5(5.4
61.3)310216 cm2. Thus the cross section for collision
induced Lymana emission constitutes (7068)% of the total
deexcitation cross section.
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In the work of Prior and Wang@8#, the rate coefficient for
collisional radiative deexcitation of the metastable 2s level
in one-electron ions is derived from the interaction poten
between the approaching ion and the polarizable target a
using straight-line trajectories and applying the sudden
proximation@17#. In that work @8#, a direct comparison be
tween the experimental result and the result of the deriva
was complicated by the fact that the total deexcitation r
was measured and not just the radiative part. Furtherm
there was a broad distribution of collision velocities in t
ion trap. In our beam experiment we have a well-defin
collision velocity and we determine the cross section for
diative deexcitation separately, and hence these comp
tions are not present. With a well-defined collision veloc
the result of Prior and Wang’s semiclassical calculat
~SCC! can be represented as a formula for the cross sec
sde

R (SCC), when the effect of competing processes is
taken into account:

sde
R ~SCC!5

5

3
pA 2aT\

ZPvPme
, ~5!

whereaT is the dipole polarizability of the target,me is the
electron mass,ZP is the nuclear charge of the projectile, an
vP is the projectile velocity. For 6.6 keV4He1 on argon
vP55.63105 m/s andaT51.64 Å3 and hencesde

R (SCC)
59.6310216 cm2. Our experimental result issde

R 5(5.4
61.3)310216 cm2. The discrepancy is, we believe, due
the fact that the model does not take any competing mec
nisms into account. In Sec. III B we found the cross sect
for electron capture to be s2s

10(Ar) 5(6.361.3)
310216 cm2, which is of the same order of magnitude
the radiative deexcitation cross section. Further, the nonr
ative deexcitation will be a non-negligible competing mech
nism @sde

NR(Ar) 5(2.360.5)310216 cm2#.
In order to provide the means to take the compet

mechanisms into account in the comparison between m
and experiment, we will consider the derivation of Eq.~5! in
more detail. Since the collision time,T, is sufficiently short
that \/T by far exceeds the fine-structure splitting of then
52 level of He1, the sudden approximation is applicab
@8#. In the sudden approximation the probability amplitud
anm , for going from statem to staten during the collision is
given by @17#

anm5dnm2
i

\
^nu E DH~ t !dtum&, ~6!

whereDH(t) is the additional term in the Hamilton operato
of the projectile ion representing the induced dipole elec
field of the target atom. As the projectile velocity is low
than the velocity of the electrons of the target atom,
target electrons have time to adjust to the changing posi
of the projectile ion, and hence the electric field streng
uE(t)u, at the position of the projectile is determined only b
the target polarizability,aT , and the internuclear distance
R(t):uE(t)u5eaT /@2pe0R(t)5#. Assuming straight-line tra-
jectoriesR(t)5Ab21vP

2 t2, whereb is the impact paramete
andR(t) takes its minimum value att50, we thus have
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DH~ t !5euE~ t !uz5
e2aTz

2pe0~b21vP
2 t2!5/2. ~7!

The z axis is chosen to point along the internuclear a
and z is the z-coordinate operator of the projectile electro
As the by far dominating contribution to the cross sect
comes from the region where the Stark shift exceeds
fine-structure splitting, we neglect spin and express the
evant wave functions of the hydrogenlike He1 ion (c2s0 and
c2p0) by the principal, angular orbital, and magnetic qua
tum numbers. Inserting Eq.~7! in Eq. ~6!, we then find the
probability amplitude for a 2s(m50)→2p(m50) transi-
tion:

a2p2s52
i

\
^c2p0uzuc2s0&E

2`

` e2aT

2pe0~b21vP
2 t2!5/2dt.

~8!

The matrix element is known from text book treatments
the linear Stark effect and is equal
3a0 /ZP512pe0\2/(ZPmee

2). Solving the integral of Eq.
~8! and taking the modulus square of the resulting probab
amplitude, we find an expression for the probability for
incoming He1(2s) ion to be in the 2p state after the colli-
sion, valid for small transition probabilities~i.e., large im-
pact parameters!:

P~b!5
64

ZP
2

aT
2

b8vP
2

\2

me
2 . ~9!

For small impact parameters the wave function will chan
between 2s(m50) and 2p(m50) many times during the
collision. P will therefore oscillate rapidly between zero an
unity as a function ofb. For sufficiently small values ofb we
may therefore replaceP by the average value and setP
51/2. We follow Prior and Wang@8# and introduce a limit-
ing impact parameterb0 defined through Eq.~9! by setting
P(b0)51. Forb,b0 , we setP(b)51/2, and forb.b0 , Eq.
~9! is used. Equation~5! now follows by integrating
2pbP(b) from zero to infinity. The transition probability
used in this integration is plotted as a function of impa
parameter in Fig. 7.

FIG. 7. Transition probability, used in deriving Eq.~5!, for a
He1 ion initially in the 2s state to be found in the 2p state imme-
diately after the collision as a function of the impact parameter
s
.
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For 6.6 keV 4He1 on Ar the expression in Eq.~9! be-
comes equal to unity forb5b053.6a0 . We now assume tha
the competing processes, electron capture and nonradi
deexcitation, take place for impact parameters smaller t
b0 only. This assumption can be justified by evaluating t
distances at which electron transfer can take place, kee
in mind that the nonradiative deexcitation at this energy
assumed to be capture to a doubly excited state followed
autoionization so that both competing processes are elec
transfer processes. According to the classical overbar
model @18#, the distance,Rc , at which electron transfer to a
singly charged ion can take place is given byRc
56a0(I 0 /I ), whereI is the ionization potential of the targe
andI 0 is the ionization potential of atomic hydrogen. For A
I 515.8 eV and thusRc55.2a0 , which is larger thanb0 . On
the other hand, no capture state in He is available 15.8
below the energy of He1(2s) @the lowest doubly excited
state (2s2 1S0) lies only 7.5 eV below He1(2s) and the
highest singly excited states converge to He1(1s) lying 40.8
eV below He1(2s)#. Furthermore, for single electron captu
to a singly charged ion, the Stark shifts in the initial and fin
channels cancel exactly, excluding the possibility for th
mechanism to provide suitable potential-energy curve cro
ings at large internuclear distances. This means that elec
transfer can only take place at short internuclear distan
where the energy levels are strongly perturbed due to o
lapping target and projectile electron clouds. At an intern
clear distance ofb053.6a0 , this overlap is quite insignifi-
cant and we hence conclude that the competing proce
mainly are occurring for impact parameters smaller thanb0 .

We may now improve the prediction of Eq.~5! by sub-
tracting half the sum of the measured cross sections for
competing processes. We must subtract only half this s
sinceP51/2 for b,b0 so that a projectile, which takes pa
in a competing process, would have had a 50% chance
collisional radiative deexcitation if it had not taken part
the competing process. This new semiempirical model yie
sde

R (SEM)5sde
R (SCC)20.5(sde

NR1s2s
10)exp55.3310216 cm2

in agreement with our experimental result (sde
R )exp5(5.4

61.3)310216 cm2.

VII. CONCLUSION

We have developed an experimental technique to dis
guish between radiative and nonradiative collisional deex
tation of metastable hydrogenlike ions, and applied this te
nique to the case of He1(2s) ions colliding with argon
atoms. We find that the radiative deexcitation contribu
with (7068)% of the total deexcitation cross section
sde

tot5(7.661.2)310216 cm2. The result for the dominating
radiative deexcitation cross section (sde

R )exp5(5.461.3)
310216 cm2 was found to agree with the result of a sem
classical calculation of the 2s-2p mixing driven by the in-
duced dipole field of the target atom modified by taking in
account competing processes for which the cross sect
were measured independently:sde

R (SEM)5sde
R (SCC)

20.5(sde
NR1s2s

10)exp55.3310216 cm2.
In the work of Prior and Wang@8#, no correction for

competing mechanisms is performed, hence it is implic
assumed that any such processes may be neglected a
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very low energies considered in that work. This is consist
with the observation in that work that for a number of targ
considered~including Ar and He!, the comparison betwee
theory and experiment did not require a nonzero contribu
from nonradiative deexcitation. On the other hand, t
seems to be in conflict with the earlier calculation by Lam
@11,12#, who for 23 meV He1-He collisions found the cros
section for nonradiative deexcitation to be about half that
radiative deexcitation.

While the mechanism for radiative deexcitation
He1(2s) is expected to be the same at thermal and k
energies~field mixing of 2s and 2p), this is not the case fo
the nonradiative deexcitation via Penning ionization p
cesses. In thermal collisions, the dominant Penning ion
tion process is autoionization of the quasimolecular collis
complex. The collision time is too short for this at keV e
ergies where formation of doubly excited neutral projec
states followed by autoionization after the collision is b
.
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-
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-

lieved to be most important. The similarity of the prese
(7068% for 6.6 keV He1-Ar) and Lamb’s result@11,12#
(68% for 23 meV He1-He) for the radiative branching ratio
is thus mildly surprising considering the large difference
collision velocity. Whether this is purely coincidental or if
is an indication of a well-defined velocity scaling also for t
nonradiative processes will, hopefully, be revealed by furt
experiments using the present technique.
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