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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 metastall€2Beions in collisions with
argon atoms is considered. First the total deexcitation cross section for 6.6H@\(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-statel Xecoll
ions (formed only innonradiativedeexcitation evenjsFurther, 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 (541.3)x 10 ¢ cn?, which amounts to (788)% of the total deexcitation cross section.
[S1050-294{@8)04110-9

PACS numbd(s): 34.50.Fa, 32.10.Dk, 52.20.Hv

. INTRODUCTION and nonradiative deexcitation in FeHe collisions at ther-
mal energy E=23 meV) was performed and it was found

When one or both collision partners in an atomic collisionthat the radiative part constituted 68% of the total deexcita-
process are in an electronically excited state, excitation enton cross section. In connection with the measurements at
ergy may be transferred from one to the other. A well-knownsub-eV collision energies of Prior and Waf®], the rate of
example of this is a HeNe laser where the upper laser level iradiative deexcitation was calculated by a semiclassical ap-
the neon atom is populated in a nearly resonant excitatioproach, which we also apply in this work. Their comparison
transfer collision between a metastable helium atom and af calculated results for radiative deexcitation and measured
ground-state neon atoffl]. Other examples of excitation total deexcitation rates was consistent with zero contribution
transfer collisions are the so-called energy-pooling collisiongrom nonradiative deexcitation, but with the rather large sys-
where two excited atoms collide and form a final state withtematic experimental uncertainties a significant nonradiative
one atom highly excited and the other one in the ground stateontribution could not be excludd®].
[2—4]. A special situation arises when an excited atom col- In the present work, we emphasize an experimental
lides with a ground-state atom of a different element with anmethod to separately determine the cross sections for radia-
ionization potential lower than the excitation energy of thetive and nonradiative deexcitation. As a first test of this tech-
excited atom. In this case an excitation transfer collision mayique we consider 6.6 ke¥He" (2s)-Ar collisions and de-
lead to ionization of the target. This process is known asermine separately the cross sections for the radiative
Penning ionization and has been the subject of extensive
experimental and theoretical investigations since it was first
proposed by Penninid]. Penning ionization in thermal col-
lisions between metastable and ground-state neutral atoms

He" (2s)+Ar—He" (1s)+Ar+hv

has been reviewed by Hotdg] and Niehaug7]. and nonradiative
In the 1970s three measurements of thel collisional
deexcitation cross section for HE2s) ions colliding with He't (2s)+ Ar—He' (1) + Ar* +e-

various targets at collision energies ranging from near-

thermal[8,9] to keV[10] energies were performed. Theoreti-

cally, collisional deexcitation of ions was first considered bydeexcitation processg43]. He"(2s)-Ar collisions are of
Lamb in connection with Lamb shift measurements for He specific interest in fusion research since'ii2s) is formed
ions[11,17. A calculation of the cross sections for radiative in abundance in resonant charge exchange ifi" H¢ colli-
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Masnet Celll Cell2 Cell3  Charge state analysis In the first of the three gas cells, the Héeam is pro-
e 2 sH BN NE _ Hpoo duced by electron capture from krypton to a 6.6 k&Ne?"
oL me — el ion beam. Roughly 10% of the incoming beam captures an

electron and becomes Heand out of these a fractidfy, (of
the order of 10%, see Sec.)IWill be in the metastable £
state.

The He" beam formed in the first cell is then directed
through the second cell where, in the case of the total deex-
citation cross-section measurement, a fraction of the meta-
stable ions are deexcited to the ground state in collisions
with the target atoms. Before and after this cell the beam

. d . idered f L h K passes electric field quenching devices in which the meta-
sions and argon is considered for gas injection at the To %table ions can be effectively deexcited to allow for back-

mak plasma periphery to enhance plasma edge r""d"”lt'o&ound measurements with all ions in the ground state. The

cooling[14]. L .
The mechanism for radiative collisional deexcitation caneIeCtrIC field quenchers each consist of three parallel

be described as follows: The target atom is polarized in thgtamless-steel plate_s with 4 mm diam holes for the beam to
electric field of the approaching projectile ion. This inducedP3Ss t.hrough. The first and last plates are grpunded, whereas
electric dipole field of the target atom in turn acts on theth® middle one can be put on a negative high volt¥ge
projectile to Stark mix the € and 2p states. For distances 1N€ plate separations are 5 mm. Taking into account the
smaller than a few atomic units the Stark splitting exceeddonuniformity of the fields due to the holes in the plates, the
the zero-field 2,,2py,, splitting. For about one femtosec- probability for an ion to remain in the 2metastable state
ond, the field is sufficiently strong to completely mix the after passage through both quenchers was calculated to be
2s,,,and 2y, levels. After the collision, there is therefore a less than X 10 * for Vo= -1.5 kv [11].
high probability that the ion is found in thepZ,, state result- From the third gas cell recoil ions can be extracted and
ing in decay to the ground state on a 100 ps time scale. In thaccelerated onto a Ceratron electron multiplier detector in a
work of Prior and Wang8], a semiclassical approach is used Single-particle counting mode. After the cell, the projectiles
to derive the cross section for radiative deexcitation. Here@re charge-state analyzed by an electrostatic deflector and a
we modify this model by taking into account competing Position-sensitive microchannel plate detector with a resis-
electron-capture mechanisms at small impact parameters. Five anode. The charge states of the recoil ions are deter-
the present velocity range, the dominating mechanism fofined by their time-of-flight as measured by means of the
nonradiative deexcitation is probably electron capture to time difference between the arrival of a recoil ion at its de-
doubly excited states of the projectile followed by autoion-tector and the corresponding coincidence signal from the
ization at large internuclear distance. position-sensitive projectile detector. The flight time from
In the following section the experimental setup is pre-the first to the third cell is only 2.4us, therefore the spon-
sented. Section IIl is concerned with preparatory measurganeous decay with a lifetime of 1.9 f@,15] is negligible
ments of the fraction of metastable H®ons in the beam and compared to the collisional deexcitation in the experiment.
the cross sections for single electron capture in Ar for The basic idea of the experiment is to perform two series
He"(1s) and He (2s) projectiles. In Sec. IV we describe of measurements, one of which is devoted to a determination
the measurement of the total deexcitation cross sectio®f the total collisional deexcitation cross sectiarify(Ar),
whereas Sec. V is dedicated to the determination of the crosghile the aim of the other measurement series is to deter-
section for Penning ionization. Finally, in Sec. VI the resultsmine separately the cross section for nonradiative collisional
are discussed and it is shown that the measusetiative ~ deexcitation,gh(Ar). The radiative deexcitation cross sec-
deexcitation cross section compares favorably with the resution, o5 Ar), is finally obtained by subtraction.
of a semiclassical treatment o622p mixing in the induced The total deexcitation cross section is measured in the
Ar dipole field when the fact that electron capture, radiative following way: First we identify a collision process in cell 3,
and nonradiative deexcitation are exclusive processes atwhich has a high cross section in the case of a metastable
certain range of impact parameters is taken into account. projectile but a very low(ideally zerg cross section in the
case of a ground-state projectile. We can now record the
relative yield of recoil-ion charge-state projectile-ion charge-
state coincidences corresponding to this process as a function
The experimental setup is shown in Fig. 1. It consists ofof the argon pressure in cell 2. We thus obtain an attenuation
three movable gas cells of length 38 mm and entrance aneurve bearing information on the total deexcitation cross sec-
exit hole diameters of 1.5 mm and 1.7 mm, respectively. Thdion in argon. This method relies on the change in the meta-
gas pressures are measured absolutely by means of a Bagsable fraction of the beam entering cell 3 due to deexciting
tron. In the preparation phase of the experiment, the threeollisions in cell 2. This metastable fraction is, however, also
cells are aligned on a common optical axis, but for the actuaiffected by collision processes that cause loss of ldes if
measurements the cells are slightly displaced with respect tilie cross sections for these processes are not equal for
each other. In this way the charge state of interest can bground- and metastable-state ions. The by far dominating
selected after each cell applying only weak electric fields s@ontribution to this beam loss is electron capture, and in

that field quenching of the metastable ions is avoided. order to derivary(Ar) from the measured attenuation cross

)|, Recoil Ion
detector

Field quenchers

on source Recoil Ion TOF

FIG. 1. Schematic of the experimental arrangement.

Il. EXPERIMENTAL SETUP
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section, we need to determine the difference between the 0.12
total electron-capture cross sections for *iies) and
He*(2s) from Ar at 6.6 keV projectile energy. A measure- .~
ment of these cross sections is described in Sec. IlI. 5 0.09
The determination of the nonradiative deexcitation cross g
section (defined as the sum of single and double Penning ic, 0.06 > Quenchers ON
ionization is a more straightforward measurement. Cell 2is  + « Quenchers OFF
not used for this, and the target gas of intergmre A) is =
introduced in cell 3. The cross section for Penning ionization 0 0.03
is then determined by calibrating the yield of H&r™ co- >
incidences to the target thickness, the detection efficiencies,

and the flux of Hé ions through cell 3. To deduce the Pen- 0

ning ionization cross section for a metastable projectile ion

from this measurement, we need to know ¢hrich smaller

single ionization cross section for a ground-state projectile

ion and the metastable fraction of the Heeam created in

cell 1. The ground-state cross section is determined simply FIG. 2. Normalized yields for electron capture to'Higom He,

by repeating the measurement of the {F&r*) coincidence Y defined as the ratio of the number of detected neutralized projec-

rate with the field quenchers on. The more involved problentiles. N°, to the number of detected projectile iohé; , divided by

of determining the initial metastable fraction is treated in thetN® He pressures, in the third cell are shown as a functionf. -

following section. By extrapolgtlng tgp3=0, effects of .multlple collisions are elimi- .
nated. The filled circles are data points for the case of a beam with

the initial metastable fractioR,, while the open squares show data

Ill. PREPARATORY MEASUREMENTS recorded with a pure ground-state beam obtained by electric-field

guenching of the metastable beam component.

p3(mTorr)

A. Determination of the initial metastable fraction F

~ In this subsection it is discussed how to determine thjo not need to worry about systematic effects such as the
initial metastable fractionFy, which results from the effective target length, the pressure, and the projectile detec-
electron-capture process (HerKr—He"+-..) taking tion efficiency. We thus only determine the normalized
place in cell 1. With a beam consisting of a mixture Ofyields, defined a¥ =N% (N ps), whereN® andN™* are the
ground- and metastable-state ions, the measurable quantifyympers of neutrals and ions detected during a certain mea-
for a given collision procesd, will be the effective cross suring time andps is the pressure in cell 3 in mTorr. To
section,oey(F), which is a function of the metastable frac- correct for effects of multiple collisions, we measi¥éor a
tion F at cell 3: number of different values of; and extrapolate t@;=0.
i i i Figure 2 showsY as a function ofp; measured with and
oe(F) =Foas+ (1-F)ois, @ without the electric field quenchers. Far—0, we find
Y9ON(He)=0.0893-0.0018 mTorr® with the quenchers
on and Y9FF(He)=0.0812+0.0017 mTorr! with the
guenchers off. Using Eqg2), we find the lower limitF
=>(9.1*2.6)%.
Shah and Gilbody16] measuredr, for He" beams pro-
duced from H&" in collisions with Kr for projectile energies

where g’ and o are the cross sections for proceés&
specific combination of final projectile and target charge
stateg for He" (1s) and He (2s) ions, respectively. Using
Eq. (1), we find the following expression for the initial meta-
stable fraction:

1- ¢ ﬁ(FZFo)/Uil ranging from 3.3 keV/amu to 20 keV/amu. Their technique
0= GAL . s (2)  was based on detection, with known efficiency, of the 304 A
1-o03dos photon emitted when the metastable ions deexcited in an
. o i i i . electric field. At their lowest energy point they fourted
For a collision processwith o> 055, we find the approxi-  —(10.0+1.4)%. Since this result is consistent with our

mate resultFo=1-oe¢(F=Fo)/oy,. We may thus deter- |ower limit, and since only very little variation with projec-
mine Fo by measuringsys and o(F=F;), which corre- tile energy was observed, we adopt their lowest energy value
sponds to measurements of the effective cross sections witihd increase the error estimate to 20% and hence choose to
and without the field quenchers ¢see Eq(1)]. use the valud=,=(10=2)% in the following.

A good candidate for a process for which the cross section
is much larger for a He(1s) ion than for a H& (2s) ion is
electron capture in He, where, in the case of a ground-state o o
projectile ion, there is a strong contribution from the reso- The measurement of the total collisional deexcitation

B. Determination of total capture cross sections in Ar

nant single-capture collision process: cross section to be described in Sec. IV is based on the
detection of a change in the metastable fraction of thé He
He" (1sy,) + He(18? 1S,) — He(1s% 1Sy) + He™ (1sy)). beam due to deexcitation in the Ar gas in cell 3. To the

extent that the total capture cross sections for ground- and
We introduce He in cell 3 and measure the total capture crosmetastable-state ions are not the same, the metastable frac-
sections with and without electric field quenching. Since wetion will also be changed due to the unequal probabilities for
only need the ratio of two cross sections to deternfipewe  He"(1s) and He (2s) ions to be neutralized and thereby
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FIG. 3. Normalized yields for electron capture to Hfgom Ar,
Y, defined as the ratio of the number of detected neutralized projec- FIG. 4. Time-of-flight spectra recorded with and without the
tiles, N°, to the number of detected projectile ions!, divided by electric-field quenching with xenon in cell 3 in coincidence with
the Ar pressureps, in the third cell are shown as a function@f.  He™ and with H& projectiles. The four spectra are recorded for the

The closed circles are data points for the case of a beam with theéame integrated beam intensity and the same pressure in cell 3.
initial metastable fractior-g, while the open squares show data

recorded with a pure ground-state beam obtained by electric-field= C/F (Y9ON— Y9OFR = (1 .0+ 9.2)x10" 7 cn?, consistent
quenching of the metastable beam component. The difference bgyith the two cross sections being equal. Our results for the
tween the normalized yields with and without field quenching isindividual cross sections are (rio(Ar) =(6.4=1.0)
: . S A+,
found to be consistent with zero. %10~ e and oég(Ar) = (6.3=1.4)x 10716 cn?.
Shah and Gilbody10] have made very accurate measure-

lost from the He beam. To account for this problem we ments of these cross sections for projectile energies in the
need to determine the total capture cross sections for groungange 5-20 keV/amu. At their lowest energy point they

and metastable-state ions;o(Ar) and o3J(Ar). found o1%= 7 3x 10~ ¢ and o= 6.1x 10-16 cni.
In a manner identical to the one described in the preced- s i
ing subsection,_we de’Fermine the'normalizejd yields for_ elecl—v_ MEASUREMENT OF THE TOTAL DEEXCITATION
tron capture with Ar in cell 3 with and without the field CROSS SECTION o'(Ar)
; : ; de
guenchers on. The normalized yields as a function of the Ar
pressurep,, are plotted in Fig. 3. Extrapolating §@;=0, The target gas of primary intereéAr) is introduced in
we find the resultsy9°N(Ar)=0.051 85-0.000 49 mTorr®  cell 2, where it acts to change the metastable fraction of the
andY9°FF(Ar)=0.051 77-0.000 54 mTorr L. The cross sec- He" beam(formed in cell 2 mainly by deexcitation colli-
tions are proportional to the normalized yield with the factorsions. In cell 3 we will then consider a collision process,
of proportionality given byC=(kT/L3)(€ion/ €neutra)» Where  for which o, > o', so thati is a good indicator process for
k is Boltzmann’s constaniT =293 K is the temperature of metastable ions reaching cell 3.
the gasl ;=(37=5) mm is the effective target length, and  To identify such a process, we measure with no gas in cell
€ion AN €eura@re the detection efficiencies for Hand H€ 2 and xenon in cell 3 with and without the electric field
at the projectile detectot ; is shorter than the geometrical quenchers on. Xenon is used in cell 3 because it turns out to
length because of the reduction in pressure in the vicinity obe a good indicator for metastable ions emerging from cell 2.
the recoil-ion extraction hole. The uncertaintylof includes ~ We record time-of-flight spectra for recoil ions in coinci-
a contribution from the estimated error of the pressuredence with Hé ions and in coincidence with He atoms pro-
measurement. duced in capture collisions in cell 3. This is done both for a
The ratio of the detection efficiencies can be measured ibeam with the original metastable fraction from the produc-
the following way: The ratio of the total count rate at the tion in cell 1 and with a beam of purely ground-state ions
detector with a certain pressure in cell 3 and the count ratebtained by applying the electric field quenchers. The four
with no gas in cell 3 is measured many times in order toresulting time-of-flight spectra are shown in Fig. 4.
reduce the influence of beam intensity fluctuations. With gas From Fig. 4 we find that there are two final charge-state
in cell 3 the apparent charge exchange fractiound when  coincidences that have strongly reduced signal strengths
equal detection efficiencies are assujnésl determined. when the electric field quenching is applied. These are
From this apparent charge exchange fraction and the coume®-Xe™, which corresponds to single ionization of the tar-
rate ratio the true charge exchange fraction as well as thget atom {=SI), and H&-Xe*", which corresponds to
ratio of the efficiencies can be deduced. We thus measuragansfer of one electron from the target atom to the projectile
€ion! €neurar 1.54+0.11, where the error is dominated by the ion accompanied by the emission of two additional electrons
influence of varying beam intensity. from the collision process. We refer to the latter process as
Through Eq.(1) we get the difference between the two transfer double ionizationi & TDI).
cross sections, which is what is needed for the measurement We introduce Ar in cell 2 and measure the effective cross
of the total deexcitation cross section;(Ar) — a30(Ar) sections for TDI and Sl in cell 3 as a function of the pressure
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FIG. 5. Effective cross sections, defined as;=Fahg+ (1
—F)o', for single ionization and transfer double ionization as a
function of the pressurep,, of argon in cell 2. The measured . . )
values ofol, change withp, through the change iff caused by Time-of-flight (arb. units)
deexciting collisions in cell 2. The points pj=100 mTorr are the ) . ) o
results of a measurement with the field quenchers on to establish the F1G- 6. Time-of-flight spectra showing the pure ionization chan-
ground-state contributions to the observed effective cross section8€ls (HE +Ar—He" +Ar1" +qe”, q=1,2) for a beam with the

The full curves are fit curves to extract the total deexcitation crosdNitial metastable fraction and for a beam where the metastables
section. have been field quenched. The spectra are recorded with the same

integrated flux of primary ions and the same pressure in cell 3.

in cell 2 (0—-23 mTorj. Furthermore, the result of the mea-

surement with the field quencher on and therefore no meta- B={0g(Ar) —[o1J(Ar) — o7 AN [} L, /KT,
stables is put in as a data point at high presstim,= 100 o
mTorr”). The effective cross sections as functiongegfare C'=04(Xe).

lotted in Fig. 5.

P To extrag the total deexcitation cross section from thd\ote thatB, which contains the information of interest, does
data of Fig. 5, we need to consider in detail how the metalot depend on the initial metastable fractiey. Nor does it
stable fraction is affected by the collisions with argon atomsdepend on which collision process is considered in cell 3 (
in cell 2. From the work of Shah and Gilbodg0], we esti- =Sl or i=TDI). We fit Eq. (4) to the two sets of data
mate that the cross section for projectile electron loss fronPresented in Fig. 5 by considerind, B, andC' as fitting
He+(23) is about two orders of magnitude lower than for parameters. In this way we find two independent value8for
electron capture. This is corroborated by the fact that wend thereby for the effective attenuation cross sectigh
have not been able to observe this process in our measure] oim— (19— 039)]. Based on the transfer double ioniza-
ments. Thus, the processes in cell 2, which affects the metdion data we findr.t' = (7.35+1.01)x 10" 6 cn? and from
stable fraction, are collisional deexcitation, electron capturghe single ionization data we findrsi=(7.90+1.41)

to ground-state ions, and electron capture to ions initially inx 1016 cm?. As our result we take the weighted average of
the metastable state. Solving the rate equations when thegigese two valuesio = (7.54+ 0.82)x10 ¢ cm?. Using

three processes are taken into account, we findfl}f  our independent result from Sec. IBrY(Ar) — 1A ]
— o< g (valid here that the metastable fraction after cell =(1.0+9.2)x 1017 cn?, we arrive at the total collisional
2 is given by deexcitation ~ cross  section oSy(Ar)=(7.6+1.2)
X107 1® cn?.
F=Foexp{ —[0ge— (015- 029 1L2p2 /KT}. (3)
V. MEASUREMENT OF THE CROSS SECTION
By inserting Eq.(3) in Eq. (1), we find the following expres- FOR NONRADIATIVE COLLISIONAL
sion for the effective cross section measured at cell 3 as a DEEXCITATION o)%

function of the argon pressure in cell 2: ) _ . )
To determine the cross section for nonradiative deexcita-

tion (Penning ionizatio)) we make a separate measurement
with the same apparatus. We introduce argon in cell 3 to
determine the cross sections for single and double ionization
for projectile ions in the ground and metastable stétefl 2

. . . is now empty.

A'=[04(Xe)— o' (Xe)]Fo, In Fig. 6 we show time-of-flight spectra recorded with

oLi(Xe)=Alexp —Bp,)+C', (4)

where the parameteis, B, andC' are given by
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argon in cell 3 and in coincidence with projectiles, which  In the work of Prior and Wan{g], the rate coefficient for
remained in charge statetl Data are shown for the two collisional radiative deexcitation of the metastabke |8vel
cases with and without the electric field quenching. We findn one-electron ions is derived from the interaction potential
significant rates for both single and double ionization and irbetween the approaching ion and the polarizable target atom
both cases the signal is strongest when the field quenching issing straight-line trajectories and applying the sudden ap-
not applied, showing that the cross sections for these prgaroximation[17]. In that work[8], a direct comparison be-
cesses are higher for the metastables than for the grountiveen the experimental result and the result of the derivation
state ions. was complicated by the fact that the total deexcitation rate
To extract cross sections from the time-of-flight spectrawas measured and not just the radiative part. Furthermore,
we need to normalize the integrated peak areas to the inconthere was a broad distribution of collision velocities in the
ing beam, the target thickness, and the detection probabilition trap. In our beam experiment we have a well-defined
of the recoil ions. The detection efficiency for the projectilescollision velocity and we determine the cross section for ra-
does not enter in the determination of the ionization crosgliative deexcitation separately, and hence these complica-
sections since the projectiles, which takes part in &ions are not present. With a well-defined collision velocity
(He"-Ar%") coincidence event, are detected with the samehe result of Prior and Wang's semiclassical calculation
charge and at the same position on the detector as the pfiSCQO can be represented as a formula for the cross section,
mary beam. aﬁe(SCC), when the effect of competing processes is not
The detection probability for the recoil ions is determinedtaken into account:
experimentally as the ratio of the number of neutralized pro-
jectiles detected in coincidence with a recoil ion of any 5 o
charge state to the total number of detected neutralized pro- oR(SCO==m\/ i (5)
jectiles. These data are recorded at the same time as the 3 ZpupMe
ionization data giving a value for every measurement. A
typical result was a detection probability of 2.5% with somewherea is the dipole polarizability of the targef, is the
fluctuations probably caused by slightly different steeringelectron massZp is the nuclear charge of the projectile, and
through the third gas cell, but since the efficiency is detervp is the projectile velocity. For 6.6 ke\VHe™ on argon
mined simultaneously with the ionization measurement this)p=5.6x10° m/s anda;=1.64 A and hences3(SCC)
does not affect our results. The low value of this detection=9.6x10 ® cn?. Our experimental result igfge:(s_4
probability is mainly due to the small length of the extraction +1.3)x 10716 cn?. The discrepancy is, we believe, due to
aperture of the gas cell compared to the total cell lengththe fact that the model does not take any competing mecha-
Corrections are made for the beam attenuation due to capturisms into account. In Sec. Il B we found the cross section
in cell 3 and, for the case when the field quenching is notor  electron capture to be o2 Ar) =(6.3+1.3)
applied, due to deexcitation collisions before the extraction, 10-16 ¢, which is of the same order of magnitude as

aperture in cell 3. _ ~ the radiative deexcitation cross section. Further, the nonradi-
From the ionization data recorded with the electric field 5tive deexcitation will be a non-negligible competing mecha-

quenchers on, we determine the cross sections for single angsm [oNR(Ar) = (2.3+0.5)x 106 cn].

double ionization with ground-state ions and finef, In order to provide the means to take the competing

=(1.39£0.17)x10" " cn? and 0y=(2.75+1.03)<10°*®  mechanisms into account in the comparison between model

cn¥. From the data without field quenching we extract theand experiment, we will consider the derivation of E8).in

effective cross sections for a beam consisting of a mixture ofnore detail. Since the collision tim@, is sufficiently short

metastable- and ground-state ions with the initial metastablghat7/T by far exceeds the fine-structure splitting of the

fraction Fo: o5(Fo)=(3.18£0.24)x10 Y cn? and =2 level of He', the sudden approximation is applicable

o(Fo)=(5.89+1.71)x10 '8 cn?.  Using Fo=(10 [8]. In the sudden approximation the probability amplitude,

=2)% (see Sec Ill A and applying Eq(1), the cross sec- a,,, for going from stateu to statev during the collision is

tions for single and double ionization of the target in a de-given by[17]

excitation collision are found to berj.=(1.94+0.46)

X 10716 cn? andooi=(3.4=2.1)x 107 cn?. The sum of i

the cross sections for these two processes, single and double a,,=0,,~ g(ﬂf AH(t)dt|w), (6)

Penning ionization, gives the nonradiative deexcitation cross

section:oiR(Ar) = o5i+ ooe=(2.3=0.5)x 10 ¢ cn.

whereAH(t) is the additional term in the Hamilton operator
of the projectile ion representing the induced dipole electric
field of the target atom. As the projectile velocity is lower
than the velocity of the electrons of the target atom, the
We find the contribution from radiative deexcitation to the target electrons have time to adjust to the changing position
total cross section as the difference between the total andf the projectile ion, and hence the electric field strength,
nonradiative deexcitation cross sections found in the twdE(t)|, at the position of the projectile is determined only by
preceding  sections: o Ar) = o'%(Ar) — o\F(Ar)=(5.4  the target polarizabilityxr, and the internuclear distance,
+1.3)x 10716 cn?. Thus the cross section for collision- R(t):|E(t)|=eas/[2meoR(t)%]. Assuming straight-line tra-
induced Lymarnx emission constitutes (708)% of the total  jectoriesR(t) = \/b2+vzpt2, whereb is the impact parameter
deexcitation cross section. andR(t) takes its minimum value dt=0, we thus have

VI. RESULTS AND DISCUSSION
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1.0 For 6.6 keV *He' on Ar the expression in Eq9) be-
_ b<by: comes equal to unity fdo=b,=3.6a,. We now assume that
S o8 P(b)=1/2 the competing processes, electron capture and nonradiative
= bob - deexcitation, take place for impact parameters smaller than
3 o . . . - .
3 06 P (b16da 2/(2 6% 2 by only. This assumption can be justified by evaluating the
2 (b)=6doy /Z, Bv,) distances at which electron transfer can take place, keeping
s in mind that the nonradiative deexcitation at this energy is
c 04 .
e assumed to be capture to a doubly excited state followed by
g autoionization so that both competing processes are electron-
= 02 transfer processes. According to the classical overbarrier
model[18], the distanceR,, at which electron transfer to a
00 5 s singly charged ion can take place is given by,

=6ay(l¢/1), wherel is the ionization potential of the target
Impact parameter, b(units of a) andl  is the ionization potential of atomic hydrogen. For Ar,
I =15.8 eV and thuR.=5.2a,, which is larger thaf,. On
FIG. 7. Transition probability, used in deriving E¢(p), for a  the other hand, no capture state in He is available 15.8 eV
He" ion initially in the 2s state to be found in the®state imme-  below the energy of Hg(2s) [the lowest doubly excited
diately after the collision as a function of the impact parameter. state (22!S;) lies only 7.5 eV below H&(2s) and the
highest singly excited states converge to"des) lying 40.8
e’aqz eV below He (2s)]. Furthermore, for single electron capture
2weo(b2+v§,t2)5’2' ™ toa singly charged ion, the Stark ;hifts in the init_ial and fingl
channels cancel exactly, excluding the possibility for this
The z axis is chosen to point along the internuclear axismechanism to provide suitable potential-energy curve cross-
and z is the zcoordinate operator of the project”e electron. ings at Iarge internuclear distances. This means that electron
As the by far dominating contribution to the cross sectiontransfer can only take place at short internuclear distances
comes from the region where the Stark shift exceeds thwhere the energy levels are strongly perturbed due to over-
fine-structure splitting, we neglect spin and express the rellapping target and projectile electron clouds. At an internu-
evant wave functions of the hydrogenlike H®n (1,4 and  clear distance obo=3.6a,, this overlap is quite insignifi-
Yapo) by the principal, angular orbital, and magnetic quan_car!t and we hen'ce con'clude that the competing processes
tum numbers. Inserting Eq7) in Eq. (6), we then find the mainly are occurring for impact parameters smaller thgn

AH(t)=elE(t)|z=

probability amplitude for a & m=0)—2p(m=0) transi- We may now improve the prediction of E¢) by sub-
tion: tracting half the sum of the measured cross sections for the
competing processes. We must subtract only half this sum
[ o ar sinceP=1/2 for b<b, so that a projectile, which takes part
3zp2s= ~ 7 (W2p0lZ] 250) j_mzweo(b2+v§t2)5’2dt' in a competing process, would have had a 50% chance for

(8) collisional radiative deexcitation if it had not taken part in
the competing process. This new semiempirical model yields
The matrix element is known from text book treatments ofa i SEM)= o5y SCC)— 0.5(0 {5+ 059) exp=5.3x 10" ¢ cnr’
the linear Stark effect and is equal to in agreement with our experimental resuhrgg)exp=(5.4
3ay/Zp=12mephi%l(Zpmee?). Solving the integral of Eq. +1.3)x 10716 cn?.
(8) and taking the modulus square of the resulting probability
amplitude, we find an expression for the probability for an

incoming He (2s) ion to be in the P state after the colli- VIl. CONCLUSION
sion, valid for small transition probabilitie.e., large im- i ) o
pact parameteys We have developed an experimental technique to distin-

guish between radiative and nonradiative collisional deexci-

64 a% K2 tation of metastable hydrogenlike ions, and applied this tech-
P(b)=zzﬁzm7- (9  nique to the case of Hé&2s) ions colliding with argon
P p e

atoms. We find that the radiative deexcitation contributes

For small impact parameters the wave function will changeWtith (70+8)% of the total deexcitation cross section of

. . ot__ — 16 . .
between 3(m=0) and 2(m=0) many times during the de—(7.6=1.2)x10 cn?. The result for the dominating
collision. P will therefore oscillate rapidly between zero and radiative deexcitation cross sectiono gy ey,=(5.4+1.3)
unity as a function ob. For sufficiently small values diwe X107 cn? was found to agree with the result of a semi-
may therefore replac® by the average value and sBt classical calculation of thes22p mixing driven by the in-
=1/2. We follow Prior and Wang8] and introduce a limit- duced dipole field of the target atom modified by taking into
ing impact parameteb, defined through Eq(9) by setting ~ account competing processes for which the cross sections
P(bo) = 1. Forb<by, we setP(b)=1/2, and forb>b,, Eq. Wwere measured independentlyof(SEM)=ch(SCC)
(9) is used. Equation(5) now follows by integrating —0.5(che+ 030)exp=5.3X 10716 cn?.
27bP(b) from zero to infinity. The transition probability In the work of Prior and Wang8], no correction for
used in this integration is plotted as a function of impactcompeting mechanisms is performed, hence it is implicitly
parameter in Fig. 7. assumed that any such processes may be neglected at the
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very low energies considered in that work. This is consistentieved to be most important. The similarity of the present
with the observation in that work that for a number of targets(70+ 8% for 6.6 keV Hé-Ar) and Lamb’s resul{11,12
consideredincluding Ar and He, the comparison between (68% for 23 meV Hé-He) for the radiative branching ratio
theory and experiment did not require a nonzero contributions thus mildly surprising considering the large difference in
from nonradiative deexcitation. On the other hand, thiscollision velocity. Whether this is purely coincidental or if it
seems to be in conflict with the earlier calculation by Lambig g indication of a well-defined velocity scaling also for the

[11,12], who for 23 meV Hé-He collisions found the cross nponradiative processes will, hopefully, be revealed by further
section for nonradiative deexcitation to be about half that folexperiments using the present technique.

radiative deexcitation.
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