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Collisional excitation and destruction of metastable states in a stored ion beam
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A laser probing technique has been applied to a stored ion beam™ofoXstudy collisional destruction of
metastable states as well as collisional excitation by the residual gas in the storage ring. The results are of great
importance for the evaluation of lifetime measurements of metastable states in storage rings. For the states
studied in Xé, it was found that neither of the two processes caused systematic errors in the lifetime
determination. It is also shown that the method can yield partial cross sections for collisional excitation.
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PACS numbdrs): 32.50+d, 32.70.Cs, 34.96.q

In recent years ion storage rings have become an attraproblem is that loss of ions from the stored beémainly
tive tool for studies of atomic and molecular ions. Since thedue to neutralization or stripping depending on the beam
fast ion beam is stored for a long time, there is time both forenergy might be strongly state dependent. Such an effect
manipulation of the ions and for observing and inducingwas clearly observed by Andersenal.[11] for Fe™. If the
weak processes. A number of review articles have appearathtural metastable lifetimes are comparable to the beam loss
that describe advantages, technical progress, and experimdiietime, such effects must be considered in detail.
tal results(see, e.g.[1,2]). In general, the ion storage ring Recently we have reportgd 2,13 on measurements of
experiments permit isolation of specific processes undemetastable lifetimes in the CRYRING by a laser probing
well-controlled conditions (regarding energies, isotopes, technique. This method has many advantages, and in particu-
charge state, and initial quantum syat€o achieve a long lar the strong selectivity permits studies of metastable states
storage time very low residual gas pressure is required, sinambedded in complicated level structures. As reported in
otherwise the ions will be lost by collisions. For the ion [12,13], the method is even capable of resolving individual
storage ring CRYRING in Stockholm where the present ex-hyperfine states, which made it possible to observe a drastic
periment was performed, the pressure is about 10 pToryperfine induced quenching for one particular hyperfine
(H, equivalent [3]. Even at this low pressure, however, col- state of the 8 D, state in12°Xe™. As concluded in the
lisions with the residual gas should be considered. Thdirst paper{12], two effects have to be investigated in order
present investigation deals with such phenomena. to permit an accurate determination of the absolute value of

Lifetime measurements have recently been performed ithe lifetime. First, influence from the magnetic field of the
ion storage rings for states both in posit[¥e5] and negative  bending magnet®nly certain states are sensitive to jHads
atomic ions[6,7] as well as in molecular iong8—10. In  to be studied. This was done in some more detail for
these experiments the decay rates of specific states wes&l “D-, in [13]. Second, collisional destruction of the meta-
studied. The basic problem here is how to monitor the spestable state has to be investigated and, if needed, compen-
cific state. Some of the experiments utilize the fact that thesated for. The specific problem here is that this destruction
ion beam can only consist of one particular state. One exeould be quite different for the ground state compared to
ample is the determination of the lifetime of the?2p*P metastable ions. In a first preliminary experiment on the lat-
state in B [6]. In this case it is known that beryllium can- ter effects[13], we observed the following. The pressure in
not bind an electron to the ground state and tisé2p “P the ring was increased from 10 to 300 pTorr, approximately,
state is the only state that can be used to form an ion beam bfy switching off the pumping and by heating the NEG
Be . In the experiment performed by Ballingt al. [6] the  pumps. A faster current intensity decay as well as a faster
intensity decay of the stored ion beam of negative berylliumobserved decay for the metastable state were consequently
was monitored. This directly gave a measure of the lifetimeexpected. For the current intensity the trend was in the ex-
of the metastable #2p *P state. If no quenching effects are pected direction, though the effect was only minor, but for
present, the measured decay rate gives the natural lifetime tfie metastable state the trend was the opposite. This surpris-
the state. There are in particular two quenching effects thaing observation implied that, instead of the expected in-
have to be considered in detail: collisions with the rest gas irtreased destruction rate, a repopulation of the metastable
the storage ring and magnetic state mixing in the bendingtate was caused by collisional excitation. Thus we were mo-
magnets. Both these effects were investigated by Ballindgivated to perform a separate investigation of this phenom-
et al. [6]. For positive ions there is always a stable groundenon, the result of which is reported in this Rapid Commu-
state and the metastable states always constitute a minorcation.
fraction of the stored ion beam. Due to this fact and the fact The experiment was performed at the ion storage ring
that the energy spectra are more dense, methods for lifetim@RYRING [14] at the Manne Siegbahn Laboratdi$tock-
measurements require higher selectivity here. A specifitiolm). Singly charged xenon ions were extracted from an
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FIG. 1. Partial level diagrams showing the laser-induced transi- g rzi'l(::s?lre
tions and corresponding fluorescence transitions utilized for the E P
present experiment. g 30r 130
. . =]
electron-impact ion sourcéMINIS) and accelerated to an g 3 3
energy of 40 keV. The xenon isotopé’Xe® was selected 0 100 200 300
by a 90° bending magnet. About *¥0ons were injected and Time after injection [ms]
stored in the ring for each cycle. A small fraction of the
beam (estimated to be in parts per thousambnsisted of FIG. 2. lon-beam current decay and metastable population de-

ions in long-lived metastable states produced in the iorcay for base pressure and raised pressure.
source. The metastable states had excitation energies be-
tween 12 and 14 eV. The circumference of the ring was 51.6 atimer [15] the cross section for the latter procgsdout
m, giving a revolution time of 0.22 ms for 40-keV XeThe  2x 10715 cn?) is at least ten times as large as the hydrogen
beam current was measured by a current transformer to giv@action and the present experiment seems to indicate that
both the magnitude of the current and the intensity decayhe difference might be even larger. It was therefore assumed
during the cycle. that the lifetime of the ion beam was mainly determined by

The laser probing technique introduced for measurementge resonant Xe+Xe reaction. The xenon content in the
of metastable lifetimes at ion storage rings has been deesidual gas, which was detected by a rest-gas analyzer when
scribed previously12,13. The technique utilizes the fact the ion beam was running, is due to the dumped xenon beam,
that the fluorescence intensity from a laser-induced transitiowhich cannot be efficiently pumped. Thus the present inves-
from a metastable state is a measure of the metastable popigation aimed at the study of both neutralization of meta-
lation. A cw ring dye laser pumped by an argon ion-laserstable states and excitation of such states due to collisions in
was used to produce laser light in the desired wavelengtthe rest gas.
region (650—-680 nmy in order to excite the transitions  The collisional destruction of the metastable states in the
5d 2Ggj,— 6p 2F9, and & *F;,—6p “D2,; cf. Fig. 1(the  beam is primarily expected to be due to neutralization, even
metastable statesd5* G, and 5 *F -, were found not to be  if Penning ionization is also possible. In order to compare the
guenched by the magnetic mixing mentioned abo#epho-  neutralization of the ground state to the destruction of the
tomultiplier observed the laser-induced fluorescence lightnetastable state, xenon gas was leaked into the injection line
through a colored glass filter, which blocked scattered laseof the beam and the ion pumps were switched off. The re-
light. Laser exposure of the stored ions was permitted by aidual gas content was monitored by a rest-gas analyzer and
mechanical shutter. An electronic circuit, triggered by thethe total pressure was measured by vacuum gauges around
ion injection pulse of the CRYRING control system, could the ring. With xenon gas let into the ring, a faster intensity
be adjusted to open the shutter at the desired delay time afteecrease of ion beam current was observed, as can be seen in
ion injection and to keep the shutter open for a preset timéig 2. It was noted that, with the pumps switched off, other
interval. residual gas componentsuch as Cliy and An also grew

The base pressure in the ring was 10 pTéts equiva-  stronger(as they were released from the pumpsut the
lent) as measured by a coasting deuteron beam. About 90%easurement was still conclusive. The lifetime curves for the
of the residual gas consisted of hydrogen. At the low beanmetastable levels recorded simultaneously by the laser prob-
energy used for the xenon ion beam, stripping was negligibléng technique, were, howevenot affected except for a
and the beam loss was expected to come from neutralizatiohigher intensity in the tail where contributions from colli-
Direct charge transfer from ground state té Xe™ was ex-  sional repopulation were observed. This repopulation contri-
pected to be weakl5], since that is an endoergic process, bution was treated in detail and subtractede further dis-
which also explains the tiny effect on the current intensitycussion below For a typical case, the slope of the current
decay observed in the first test with vacuum variations meneurve increased by a factor of 2.7, while no significant
tioned above, since mainlyHtontributed to the increase of change could be observed in the lifetime curve of the meta-
the rest-gas pressure. Instead, the beam lifetime was primatable levels, as can be seen in Fig. 2. From the determina-
rily determined from resonant charge transfer by thetion of the slopes and their uncertainties we conclude that the
Xe* +Xe reaction. According to measurements by King andcross section for neutralization of the metastable levels is



RAPID COMMUNICATIONS

56 COLLISIONAL EXCITATION AND DESTRUCTION OF ... R1077
2 base pressure a.
g 4 p 4
=
8 3 *'.‘. _ 3 :\\_\_\
9 > 8 T, .
1 S jt
Z ]
8 @
8 : ; = .
§ 4 :_% raised pressure ? 3 \\\__\ b
% ; P“s ﬂ_,g) 2 ) \“"”"-"M-,. B _-:--\
§ \"’&m ,E ) -
T 1 Q T
0 100 200 300 400 500 600 % 3 c
Time after injection [ms] 'U%
FIG. 3. Fluorescence intensity as a measure of the metastable 2t
population for base pressure and raised pressure. The first laser
pulse quenched the initial metastable population and the second 1
pulse revealed the collisonal repopulation. The very weak peak ob- 0 10'0 2(')0 3(')0 4(')0 500

served at 500 ms is due to a third laser pulse applied after the ion
beam was dumped. This peak gives the background from scattered

laser light. FIG. 4. (a) Lifetime curve for the?Gg, level of Xell recorded at
base pressurdb) Lifetime curve for the same level recorded at
raised pressure. The high level in the tail is due to collisional re-

. . . I . population.(c) A 50-ms laser pulse is applied immediately after
destruction, including both neutralization and collisonal de'injection of ions into the ring for every ring cycle. A second probe

exc'tat'(_)n (i.e., Penn_lng ionization of the_ rest gaghe re- pulse of 20 ms is applied at a variable time after injection in order
sults might be considered as natural, since the reaction b_@c-, monitor the repopulation process.
tween metastable xenon ions and neutral xenon is
nonresonant, while the reaction between ground-state ionwllision-induced repopulation of the metastable state.
and neutral xenon is. Nevertheless, it is a very crucial obser- The method used for lifetime measuremefits., a mea-
vation as regards the possibility of performing accurate life-surement of laser-induced fluorescence as a function of delay
time measurements. In our recent lifetime measurements wieme) could also be utilized to monitor the time dependence
have now been able to determine millisecond lifetimes withof the repopulation process. A prompt laser pulse quenched
about 2% accurac}16], since this potential source of sys- the initial metastable population and then a new probe pulse
tematic errors could be ruled out. in the same ring cycle was applied at a variable delay time.
To study the collisional repopulation a special methodAs can be seen in Fig. 4, the collisional excitation repopu-
was introduced. For investigation of the weak repopulatiorlates the metastable level up to a specific population, where a
process we wanted to avoid the metastables produced inbalance between repopulation and spontaneous decay occurs.
tially in the ion source. These states could be quenched by Bhis level depends on the ratio between the spontaneous de-
laser pulse immediately after injection into the ring. With ancay rate and the excitation cross section. As concluded
ion beam of about 40 mm in diametg@vith a velocity spread above, other destruction mechanisms will have negligible
causing a Doppler width of about 500 MHand a laser contributions compared to the spontaneous decay. Thus we
beam with 10-mm diameter and 100—200-mW cw power, itcan estimate the excitation cross section by the expression
was found that a laser pulse length of 100 ms was needed ®@=(A/vn)(N./Ng) (WhereA is the decay rate; is the beam
guench the metastables by a factor of 10Big 3). The ions  velocity, n is the residual gas densiti, is the number of
were then left circulating without interaction with the laser ions in the metastable excited state, &his the number of
beam, but only with the residual gas. At a late part of the ringons in the ground statewhich contains only measurable
cycle the shutter was opened again and the actual metastalgjaantities. One of the main difficulties here is that the re-
population could be detected. As can be seen in Fig. 3, evesidual gas is a mixture of different molecules and atoms.
at the best vacuum a small repopulation is observed. In thiAnother is how to determine the detection efficiency of the
run the quench pulse was only on for 50 ms, giving a quencimetastables. A crude estimate of this efficiency is 0.1%. Us-
factor of about 200, but with our measured lifetit® m9  ing this value we find that the excitation cross section is
[16] of this particular metastable level §5'F;,,), its popu-  between 10*° and 10 *8 cn?.
lation should have been reduced further by a factor of 200, Collisional excitations of vibrational and rotational states
due to spontaneous decay during the time until the seconldave been discussed in connection with molecular ion beams
laser pulse was applied. The signal observed when the lasased for studies of dissociative recombination. In a paper by
light is applied after 350 ms is, however, substantially stron+orcket al.[17], the experimental results seemed to indicate
ger. Measurements were repeated when the pressure wesllisional excitation of low-lying vibrational states. This
raised. Then a significant repopulation was observed. Thikind of observation has, however, not been confirmed by
also confirmed the conclusion that the metastable lifetimenore recent studig4.8]. On the contrary, Heupeit al. have
curves recorded at “high” pressure were distorted byin a laser-based measurement on*CJH9] not been able to

Time after injection [ms]

significantly smaller than for the ground stati¢ should be
noted that this result gives thetal upper limit of metastable
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see any trace of collisional excitation. The repopulation ofreliable results. The technique presented here also has the
metastable states observed in the present experiment on thetential to be a powerful method for selective studies of
xenon ion is a weak process. If similar effects were to bepartial cross sections with the use of an internal gas target,
present in molecular ions, they would not affect the results ofor which the target could be more well-defined in content
the dissociative recombination performed so far. and pressure. Such a device will be installed in CRYRING in
The present experiment deals with a fundamental issughe near future.
regarding the use of ion storage rings for atomic and molecu-
lar physics, i.e., how clean are experiments using these fa-
cilities? Is the decay of metastable states in positive and We gratefully acknowledge enlightening discussions with
negative ions as observed in storage rings primarily deterA. Barany, H. Cederquist, G.H. Dunn, and M. Larsson. In-
mined by spontaneous decay, or are there destructive prealuable advice and help regarding vacuum variations has
cesses occurring due to collision with the rest gas? Théeen given by L. Bagge. We also acknowledge the compe-
present results show selectively and quantitatively that suctent support from the staff of the Manne Siegbahn Labora-
collisions are of minor importance for the states focused ortory. This work was supported by the Swedish Natural Sci-
here and that the storage rings possess the capacity to yiedthce Research CounéWNFR).
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