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Near-Threshold Photodissociation of ColdCH* in a Storage Ring
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Photodissociation of CH molecules (CH + hv — C* + H) is studied by collinear laser
spectroscopy on a rotationally relaxed fast molecular ion beam in a storage ring. We have detected
the resonances predicted between the thresholds related to the two fine-structure levels of the C
fragment for low initial rotations, and found that no heating processes hinder the complete rovibrational
thermalization of the fast stored beam in a room temperature environment. [S0031-9007(98)05681-6]

PACS numbers: 33.80.Gj, 34.50.Ez, 39.10.+]j

Studies of near-threshold photodissociation can relate tthe small Doppler broadening attainable with fast ion
important open problems both in basic molecular physicbeams, this technique has been widely successful in stud-
and in neighboring disciplines such as astrophysics. Aes both of molecular structure and of dissociation dy-
particularly interesting case is given by the photodissocianamics. However, the possibilities of controlling the
tion of CH" into C* and H fragments. This represents theinternal excitation of the molecular ion beam are limited
reverse process of the radiative association4€H —  because ion sources usually produce “hot” molecular
CH' + hv, which has attracted considerable interest [1]ions in highly excited electronic, vibrational, or rota-
as one of the possible production mechanisms of @ tional states. Therefore, regarding CHohotodissoci-
cold interstellar clouds. While the CHmolecular ion ation, shape resonances due to the centrifugal barrier
plays a central role in the chemistry of the interstellar[11] at high rotational excitationJ(= 15) were ob-
medium, steady-state reaction schemes fail to explain itserved and studied in much detail [12—14], whereas the
high abundance observed in diffuse interstellar clouds anfine-structure-related, Feshbach-type resonances off low-
production in shock-heated regions [2] has to be invokedmolecules could not be detected.

On the other hand, the required radiative association rates Recently, MeV molecular ion beams have been stored
of C* and H atoms are not known from laboratory ex-in heavy-ion storage rings for tens of seconds, enough for
periments and theoretical predictions are complicated bynany molecules to grant complete vibrational relaxation
the specific level structure at the dissociation thresholdby infrared emission [15]. With this technique, dissocia-
governed by the3.4-cm™! fine-structure splitting [3] of tive recombination (DR) of vibrationally cold molecular
the C'(>P) fragment energy levels (see Fig. 1). Sinceions and electrons has been studied extensively [16] and
the CH' A'Il potential curve, responsible for the ra- vibrational cooling has been clearly observed by probing
diative transitions to the CH ground state, is adiabat-

ically correlated to the higher lyingP;/, fine-structure *10% [T

level of C*, radiative association of cold{ meV-energy) ol \7 1o
C*(2P,)2) and H is expected to proceed through nonadi- C*(*p, ) +H
abatic coupling with other potential curves, largely via AE,

predissociating resonances between thb(zel/z) and
C*(®P32) threshold energies [1,6,7]. While the low
radiative association rates appear hardly accessible to
direct laboratory measurements, the relevant predissoci-
ating resonances should be observable in experiments on
the reverse, near-threshold photodissociation (process | in
Fig. 1) if internallycold CH" molecular ions in low rota-
tional statesJ < 15) are used.

A number of detailed laboratory experiments [8] have
studied CH photodissociation close to threshold. Most
data have been contributed by laser-ion-beam photofrag- 1 2 3 4 6 8 10
ment spectroscopy [9], a technique where molecular ions Internuclear distance (A)
are produced in an ion source, accelerated to a few kG\I'I‘—'IG. 1. Ab initio potential curves of CH involved in the

and photodissociated by a merged laser beam [10]. Opresent experiment, from Ref.[4]. Spin-orbit-split curves
account of the high fragment detection efficiency andblowup with the scale on the right) are adapted from Ref. [5].
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the kinetic energy release in DR [17]. Similarly, pureintensity and to the number of laser photons, is mea-
rotational radiative transitions should in principle yield sured as a function of storage timg and laser photon
rotational cooling of the stored fast ion beam and ulti-wave numbew (in the moving frame). As the number of
mately lead to a thermalization in the blackbody radiationphotofragments was found to be proportional to laser in-
field from the vacuum enclosure. On the other hand, rotensity (no saturation), the normalized rate is proportional
tational cooling is much slower than vibrational cooling to the photodissociation cross section. Only a rough esti-
and could thus be counteracted more easily by possiblamate is possible for the absolute cross section because the
heating mechanisms such as MeV-energy collisions of theverlap between the laser and the ion beam could not be
stored ions with the residual gas. So far, a detailed analyaccurately measured. The Doppler shift was calculated
sis of rotational level populations in stored fast ion beamdrom the velocity of the ion beam as determined from
has not been performed. In fact, such information can b¢he ring circumference and a Schottky-noise measurement
of great help for the interpretation of many storage ringof the revolution frequency; the estimated uncertainty of
experiments; in particular, the rate of dissociative recomthe absolute photon energy is2 cm™!. The spectral
bination is known to be sensitive not only to vibrational resolution is approximately equal to the laser linewidth
but also to rotational excitation [18]. (A7 = 0.5 cm™!), the velocity spread of the ion beam
In this Letter, we report a CH photodissociation ex- (Av/v = 10~%) contributing a minor broadening.
periment in a storage ring. This new approach links In a previous experiment at the TSR dedicated to the
photofragment spectroscopy to the storage ring techniqudissociative recombination of CH[17], the ions were
and adds two great advantages. First, provided long stocbserved to be vibrationally coldv(= 0) after 2—3 s.
age, the molecules are internally cold. For GHhis al- Moreover, by measuring the intensity of some of the
lows us to observe in detail the previously inaccessibleshape resonances previously assigned in the visible part
low-J photodissociation spectrum. Second, before interof the spectrum [13] in an exploratory photodissocia-
nal cooling is complete, the spectrum is strongly time detion experiment [20], high rotational level$ & 15) were
pendent. Deriving from the spectrum the rotational levelseen to be depleted after about 100 ms. The DR experi-
populations, we can monitor for the first time rotationalment also revealed that a substantial fraction of the ions
cooling in a stored fast ion beam. (=60%-70% at injection) populate the *I1 metastable
Our setup, similar in principle to a laser-ion photofrag-state. The radiative lifetime of this state was measured to
ment spectrometer [10], uses the TSR storage ring [1%e (7 = 1) s [17]. For the present work performed with
(Max-Planck-Institut fur Kernphysik, Heidelberg, Ger- the same ion source, this implies possible extra photofrag-
many) to store the molecular ion beam. CHs pro- ments from photoexcitation of *II molecules to the
duced from CH molecules created in a cesium sputters 33~ state, followed by predissociation via the'>*
source and stripped in a tandem Van-de-Graaff accelecurve (process Il in Fig. 1).
ator. Every 30 s, typicallyl0’ molecules are injected  The laser was scanned around thg3"(v =0,
into the ring at an energy of 7.2 MeV and then circu-J = 0) dissociation energy, assuming the valig =
late on a closed orbit (55.4 m circumference) defined by32907 + 23) cm™! (referring to the?P;, threshold)
bending magnets with interleaved straight sections (eacimdirectly determined in an earlier experiment [13].
~10 m long). Collisions with the residual gas (mostly Figure 2(a) shows the full energy range, scanned with
H,, =3 X 107! mbar) decrease the beam intensity expo-a stepwidth of0.5 cm~! or better, for short storage
nentially with a mean lifetime of 10 s. To photodissociatetimes in the interval [0.4,1] s. At these short times the
the ions, a pulsed, frequency-doubled dye laser beam (tuspectrum is in fact dominated by the extra photofragments
ing range 300—330 nm, 10-ns pulses of 1-mJ energy dtom process II; two red-shaded bands (2-0 and 3-0 of
200-Hz repetition rate) is merged with the ion beam along *3,~-a *TI [21]) are seen with heads around 32 400 and
one of the straight sections. In the bending dipole behind4 100 cm™!'. Both bands have not been rotationally
the interaction region the CTfragments are mass sepa- resolved before and will be treated in a future publication.
rated from the circulating CH beam and detected by a  Near the expected dissociation energy [Fig. 2(b)] only a
microchannel plate. Using a multihit time-to-digital con- structureless continuum signal can be seen apart from some
verter to record the distribution of fragment arrival timeshigh-/ resonances of the*S -4 *IT 3-0 band. But this
relative to a preceding laser pulse, the photofragments aregion of the spectrum changes dramatically with storage
easily identified as a peak on a constant background dfme: In Fig. 2(c), these resonances due to process Il
collision-induced fragments. [Additional™C‘photofrag- have completely disappeared because of rotational cooling
ments,” however, can arise from molecules excited tawithin thea 3I1 metastable state; the continuum signal has
high-lying, yet bound rovibrational levels just below the started to shift to the right and new peaks emerge.
dissociation threshold, which undergo field-induced disso- After about 15 s, the spectrum reaches a steady state
ciation in the motional electric field of 125 k\m acting shown in Fig. 2(d). The continuum now peaks around
in the mass-separating (1.21-T) dipole magnet.] The are32 950 cm™!, and the superimposed resonances turn out
of the photofragment peak, normalized to the ion beanto be clustered to groups similar to each other, separated
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150 m ] AE, [3]. The windows forJ = 0,...,2 overlap be-

I T
|§| ] I” t= [04.1] s | | | causeE; — E;j_ < AE,,. The window pattern matches
b3 —a’ll 2—-0 b -a’l 3-0 the observed resonance groups if initialstates are as-

100 ‘ | signed as shown in Fig. 2(d). The contributiofis=
6,...,9 were also identified; they are partly interleaved
50 1 with the low+/ resonances of thé >3 ~-a 311 2-0 band

][ l from process I, but time dependences greatly help in the
T i assignment. Some very narrow resonances fall closely
31500 32000 32500 33000 33500 34000 below the windows of widthAE,, and are attributed to

20 '\ field-induced dissociation (see above) of weakly bound

rovibrational levels. The dissociation energy consistent
| with the window pattern isDy = (32947 + 5) cm™ !,

d

—
o

slightly higher than the earlier indirect measurement [13].
The error given is dominated by the uncertainty in match-
ing the pattern without exact knowledge of the expected

(c) t=[24] s resonance positions.
_ Figure 2(e) exemplarily shows a blowup of the reso-
nance group arising fromd = 5. The underlying con-

tinuum fromJ > 5 (hatched) was estimated by a linear
extrapolation from the flat part below the assigned lower

2 1’0 window limit. (A high narrow resonance attributed to

! T T . field dissociation appears just below this limit.) At the

present stage of theory, any detailed comparison to the

experimental spectrum is hampered by the limited preci-
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sion of the potentials assumed in the calculations [6,7].
Nevertheless, some patterns can be followed through the
101 variousJ groups: The prominent peak a2 576 cm™!
has counterparts in each of the other groups, the energies
0 - ) - of the final states matching®v/(J + 1) law. The smaller
32400 32600 32800 33000 peak at32596 cm™! is part of a similar series. Such
15 resonances above the upper threshold can appear within
(e) AEg, the expected height of the centrifugal barrier2(cm™!
J=5 for J = 5). Theory [6,7] predicts the strongest features
101 gl,}l;ffh"l‘il Tﬁl’;;sm’ld' to mark Q branch transitions to tha'Il curve, suggest-
( 1/2)+ C( 3/2)+H ing that the two series belong to tAéIl(v = 13, 14) vi-
5| brational states. Confirming the extensive close-coupling
calculation [7], the resonances tend to be broader than pre-

ol dicted by the earlier perturbation treatment [6]. Moreover,
32520 32540 32560 32580 32600 32620 theJlgroups reveal more_peaks than can be a}qcounted for
Photon wave number (cm™) by A'II levels only. This supports the additional pre-
) o ) diction of Ref. [7] that also rovibrational levels of the
FIG. 2. Photodissociation spectrum for different Storagetriplet states (see Fig. 1) appear as intrathreshold reso-

times. The hot spectrum (a) displays two bands of the . . .
b33 -a’Tl system.p As the(ic))ns c%o?linternally, the near- 2NCeS by intensity borrowing from the mathll-X'%*

threshold spectrum gradually builds up (b)—(d), revealingtransition. A complete assignment of the spectrum, how-

initial-J contributions as indicated. The resonances arising®Ver, requires a theoretical calculation based on optimized

from J = 5 are shown in detail (e). potentials and is presently under way. The estimated ab-
solute cross section is abol@~2° cn? (at33000 cm™!),

by flat sections that stepwise grow with energy. Thisin agreement with theory [6,7].

is the spectrum of near-threshold photodissociation ex- The time dependence of the spectrum was used to

pected forv = 0, low-J rotational states, each contribut- study rotational cooling within th&'>" (v = 0) state.

ing a resonance group followed by a continuous partThe measured photodissociation cross section is a sum of

All resonances belonging to an initial staX8>"(v =  state specific cross sections, weighted with the relative

0,/) are predicted to lie in the energy intenf@d, —  populationsn,;. Qualitatively, a population transfer from

E;,Dy — E; + AE], the relative positions of these higher to lower rotational levels is clearly marked by

windows being safely known from the initial rotational the piling up of the continuum signal [Figs. 2(b)—2(d)].

energiesE; [22] and the C(*P) spin—orbit spliting Quantitatively, by taking the functions; () from theory
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80 30 tion rate. From the time dependence, it is now clear that
50| '+ Experiment 20 J=5 the rotational distribution of the stored beam is dominated
40 T Fw L by radiative cooling and can reach room temperature. This
30 tit 0 result is important for many experiments performed with
220 ! 7=012 |20f\4 J=6 molecular ions in storage rings. . o
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