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Near-Threshold Photodissociation of ColdCH1 in a Storage Ring
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Photodissociation of CH1 molecules (CH1 1 hn ! C1 1 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 C1

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]
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Studies of near-threshold photodissociation can relate
important open problems both in basic molecular physi
and in neighboring disciplines such as astrophysics.
particularly interesting case is given by the photodissoci
tion of CH1 into C1 and H fragments. This represents th
reverse process of the radiative association C1 1 H !
CH1 1 hn, which has attracted considerable interest [1
as one of the possible production mechanisms of CH1 in
cold interstellar clouds. While the CH1 molecular ion
plays a central role in the chemistry of the interstella
medium, steady-state reaction schemes fail to explain
high abundance observed in diffuse interstellar clouds a
production in shock-heated regions [2] has to be invoke
On the other hand, the required radiative association ra
of C1 and H atoms are not known from laboratory ex
periments and theoretical predictions are complicated
the specific level structure at the dissociation threshol
governed by the63.4-cm21 fine-structure splitting [3] of
the C1s2Pd fragment energy levels (see Fig. 1). Sinc
the CH1 A1P potential curve, responsible for the ra-
diative transitions to the CH1 ground state, is adiabat-
ically correlated to the higher lying2P3y2 fine-structure
level of C1, radiative association of cold (ø meV-energy)
C1s2P1y2d and H is expected to proceed through nonad
abatic coupling with other potential curves, largely via
predissociating resonances between the C1s2P1y2d and
C1s2P3y2d threshold energies [1,6,7]. While the low
radiative association rates appear hardly accessible
direct laboratory measurements, the relevant predisso
ating resonances should be observable in experiments
the reverse, near-threshold photodissociation (process
Fig. 1) if internallycold CH1 molecular ions in low rota-
tional states (J & 15) are used.

A number of detailed laboratory experiments [8] hav
studied CH1 photodissociation close to threshold. Mos
data have been contributed by laser-ion-beam photofra
ment spectroscopy [9], a technique where molecular io
are produced in an ion source, accelerated to a few ke
and photodissociated by a merged laser beam [10]. O
account of the high fragment detection efficiency an
0031-9007y98y80(13)y2809(4)$15.00
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the small Doppler broadening attainable with fast io
beams, this technique has been widely successful in stu
ies both of molecular structure and of dissociation dy
namics. However, the possibilities of controlling the
internal excitation of the molecular ion beam are limited
because ion sources usually produce “hot” molecula
ions in highly excited electronic, vibrational, or rota-
tional states. Therefore, regarding CH1 photodissoci-
ation, shape resonances due to the centrifugal barr
[11] at high rotational excitation (J * 15) were ob-
served and studied in much detail [12–14], whereas th
fine-structure-related, Feshbach-type resonances of lowJ
molecules could not be detected.

Recently, MeV molecular ion beams have been store
in heavy-ion storage rings for tens of seconds, enough f
many molecules to grant complete vibrational relaxatio
by infrared emission [15]. With this technique, dissocia
tive recombination (DR) of vibrationally cold molecular
ions and electrons has been studied extensively [16] a
vibrational cooling has been clearly observed by probin

FIG. 1. Ab initio potential curves of CH1 involved in the
present experiment, from Ref. [4]. Spin-orbit-split curves
(blowup with the scale on the right) are adapted from Ref. [5]
© 1998 The American Physical Society 2809
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the kinetic energy release in DR [17]. Similarly, pur
rotational radiative transitions should in principle yiel
rotational cooling of the stored fast ion beam and ult
mately lead to a thermalization in the blackbody radiatio
field from the vacuum enclosure. On the other hand, r
tational cooling is much slower than vibrational coolin
and could thus be counteracted more easily by possi
heating mechanisms such as MeV-energy collisions of t
stored ions with the residual gas. So far, a detailed ana
sis of rotational level populations in stored fast ion beam
has not been performed. In fact, such information can
of great help for the interpretation of many storage rin
experiments; in particular, the rate of dissociative recom
bination is known to be sensitive not only to vibrationa
but also to rotational excitation [18].

In this Letter, we report a CH1 photodissociation ex-
periment in a storage ring. This new approach link
photofragment spectroscopy to the storage ring techniq
and adds two great advantages. First, provided long st
age, the molecules are internally cold. For CH1, this al-
lows us to observe in detail the previously inaccessib
low-J photodissociation spectrum. Second, before inte
nal cooling is complete, the spectrum is strongly time d
pendent. Deriving from the spectrum the rotational lev
populations, we can monitor for the first time rotationa
cooling in a stored fast ion beam.

Our setup, similar in principle to a laser-ion photofrag
ment spectrometer [10], uses the TSR storage ring [1
(Max-Planck-Institut für Kernphysik, Heidelberg, Ger
many) to store the molecular ion beam. CH1 is pro-
duced from CH2 molecules created in a cesium sputte
source and stripped in a tandem Van-de-Graaff accel
ator. Every 30 s, typically107 molecules are injected
into the ring at an energy of 7.2 MeV and then circu
late on a closed orbit (55.4 m circumference) defined
bending magnets with interleaved straight sections (ea
ø10 m long). Collisions with the residual gas (mostly
H2, ø3 3 10211 mbar) decrease the beam intensity exp
nentially with a mean lifetime of 10 s. To photodissociat
the ions, a pulsed, frequency-doubled dye laser beam (t
ing range 300–330 nm, 10-ns pulses of 1-mJ energy
200-Hz repetition rate) is merged with the ion beam alon
one of the straight sections. In the bending dipole behi
the interaction region the C1 fragments are mass sepa
rated from the circulating CH1 beam and detected by a
microchannel plate. Using a multihit time-to-digital con
verter to record the distribution of fragment arrival time
relative to a preceding laser pulse, the photofragments
easily identified as a peak on a constant background
collision-induced fragments. [Additional C1 “photofrag-
ments,” however, can arise from molecules excited
high-lying, yet bound rovibrational levels just below th
dissociation threshold, which undergo field-induced diss
ciation in the motional electric field of 125 kVycm acting
in the mass-separating (1.21-T) dipole magnet.] The a
of the photofragment peak, normalized to the ion bea
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intensity and to the number of laser photons, is mea
sured as a function of storage timets and laser photon
wave number̄n (in the moving frame). As the number of
photofragments was found to be proportional to laser in
tensity (no saturation), the normalized rate is proportiona
to the photodissociation cross section. Only a rough es
mate is possible for the absolute cross section because
overlap between the laser and the ion beam could not
accurately measured. The Doppler shift was calculate
from the velocity of the ion beam as determined from
the ring circumference and a Schottky-noise measureme
of the revolution frequency; the estimated uncertainty o
the absolute photon energy is62 cm21. The spectral
resolution is approximately equal to the laser linewidth
(Dn̄ ø 0.5 cm21), the velocity spread of the ion beam
(Dyyy ø 1024) contributing a minor broadening.

In a previous experiment at the TSR dedicated to th
dissociative recombination of CH1 [17], the ions were
observed to be vibrationally cold (y ­ 0) after 2–3 s.
Moreover, by measuring the intensity of some of the
shape resonances previously assigned in the visible p
of the spectrum [13] in an exploratory photodissocia
tion experiment [20], high rotational levels (J * 15) were
seen to be depleted after about 100 ms. The DR expe
ment also revealed that a substantial fraction of the ion
(ø60% 70% at injection) populate thea 3P metastable
state. The radiative lifetime of this state was measured
be s7 6 1d s [17]. For the present work performed with
the same ion source, this implies possible extra photofra
ments from photoexcitation ofa 3P molecules to the
b 3S2 state, followed by predissociation via thec 3S1

curve (process II in Fig. 1).
The laser was scanned around theX1S1sy ­ 0,

J ­ 0d dissociation energy, assuming the valueD0 ­
s32 907 6 23d cm21 (referring to the 2P1y2 threshold)
indirectly determined in an earlier experiment [13].
Figure 2(a) shows the full energy range, scanned wit
a stepwidth of 0.5 cm21 or better, for short storage
times in the interval [0.4, 1] s. At these short times the
spectrum is in fact dominated by the extra photofragmen
from process II; two red-shaded bands (2-0 and 3-0 o
b 3S2-a 3P [21]) are seen with heads around 32 400 an
34 100 cm21. Both bands have not been rotationally
resolved before and will be treated in a future publication

Near the expected dissociation energy [Fig. 2(b)] only
structureless continuum signal can be seen apart from so
high-J resonances of theb 3

S2-a 3P 3-0 band. But this
region of the spectrum changes dramatically with storag
time: In Fig. 2(c), these resonances due to process
have completely disappeared because of rotational cooli
within thea 3P metastable state; the continuum signal ha
started to shift to the right and new peaks emerge.

After about 15 s, the spectrum reaches a steady sta
shown in Fig. 2(d). The continuum now peaks aroun
32 950 cm21, and the superimposed resonances turn o
to be clustered to groups similar to each other, separat
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FIG. 2. Photodissociation spectrum for different storag
times. The hot spectrum (a) displays two bands of t
b 3

S2-a 3P system. As the ions cool internally, the nea
threshold spectrum gradually builds up (b)–(d), revealin
initial-J contributions as indicated. The resonances arisi
from J ­ 5 are shown in detail (e).

by flat sections that stepwise grow with energy. Th
is the spectrum of near-threshold photodissociation e
pected fory ­ 0, low-J rotational states, each contribut
ing a resonance group followed by a continuous pa
All resonances belonging to an initial stateX1S1sy ­
0, Jd are predicted to lie in the energy intervalfD0 2

EJ , D0 2 EJ 1 DEsog, the relative positions of these
windows being safely known from the initial rotationa
energiesEJ [22] and the C1s2Pd spin–orbit splitting
e
he
r-
g

ng

is
x-

-
rt.

l

DEso [3]. The windows for J ­ 0, . . . , 2 overlap be-
causeEJ 2 EJ21 , DEso. The window pattern matches
the observed resonance groups if initialJ states are as-
signed as shown in Fig. 2(d). The contributionsJ ­
6, . . . , 9 were also identified; they are partly interleave
with the low-J resonances of theb 3S2-a 3P 2-0 band
from process II, but time dependences greatly help in th
assignment. Some very narrow resonances fall close
below the windows of widthDEso and are attributed to
field-induced dissociation (see above) of weakly boun
rovibrational levels. The dissociation energy consiste
with the window pattern isD0 ­ s32 947 6 5d cm21,
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 expecte
resonance positions.

Figure 2(e) exemplarily shows a blowup of the reso
nance group arising fromJ ­ 5. The underlying con-
tinuum from J . 5 (hatched) was estimated by a linea
extrapolation from the flat part below the assigned lowe
window limit. (A high narrow resonance attributed to
field dissociation appears just below this limit.) At the
present stage of theory, any detailed comparison to t
experimental spectrum is hampered by the limited prec
sion of the potentials assumed in the calculations [6,7
Nevertheless, some patterns can be followed through t
various J groups: The prominent peak at32 576 cm21

has counterparts in each of the other groups, the energ
of the final states matching aBJsJ 1 1d law. The smaller
peak at32 596 cm21 is part of a similar series. Such
resonances above the upper threshold can appear wit
the expected height of the centrifugal barrier (ø2 cm21

for J ­ 5). Theory [6,7] predicts the strongest feature
to markQ branch transitions to theA1P curve, suggest-
ing that the two series belong to theA1Psy ­ 13, 14d vi-
brational states. Confirming the extensive close-couplin
calculation [7], the resonances tend to be broader than p
dicted by the earlier perturbation treatment [6]. Moreove
theJ groups reveal more peaks than can be accounted
by A1P levels only. This supports the additional pre
diction of Ref. [7] that also rovibrational levels of the
triplet states (see Fig. 1) appear as intrathreshold res
nances by intensity borrowing from the mainA1P-X1S1

transition. A complete assignment of the spectrum, how
ever, requires a theoretical calculation based on optimiz
potentials and is presently under way. The estimated a
solute cross section is about10220 cm2 (at 33 000 cm21),
in agreement with theory [6,7].

The time dependence of the spectrum was used
study rotational cooling within theX1S1sy ­ 0d state.
The measured photodissociation cross section is a sum
state specific cross sectionssJ , weighted with the relative
populationsnJ . Qualitatively, a population transfer from
higher to lower rotational levels is clearly marked by
the piling up of the continuum signal [Figs. 2(b)–2(d)]
Quantitatively, by taking the functionssJ sn̄d from theory
2811
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FIG. 3. Populations of low rotational levelsX1S1sy ­ 0, Jd
as a function of storage time. For long storage, the distributi
approaches room temperature (300 K).

[7], the populations can be estimated by a fit to th
experimental spectrum. We used only the continuous pa
of the data, the continua of the theoreticalsJsn̄d being less
sensitive to the input potential curves than the resona
parts. As there are no flat parts between the groupsJ ­
0, . . . , 2, the corresponding populationsn0, . . . , n2 could
not be determined separately, but only their sumn012. The
highest monitored rotation wasJ ­ 8.

The distributions thus determined clearly exhibit rota
tional cooling (Fig. 3, dots); as the storage time increase
the lowest levelsJ ­ 0, . . . , 3 are fed, higher rotations
are depleted. The final temperature isTf ­ 300150

20 K.
We have modeled the relaxation assuming initially ho
(*1000-K) CH1 molecules in levelsX1S1sy ­ 0, J ­
0, . . . , 8d decaying in a blackbody radiation field of 300 K
(Einstein coefficients from Ref. [23]), yielding satisfac
tory agreement with experiment (Fig. 3, full lines). Apar
from confirming the input Einstein coefficients, this show
that there is no significant collisional heating. For th
worst-case assumption that collisional heating and rad
tive cooling powers cancel at aTf ­ 350 K, our results
suggest an upper limit of onlyø10 K s21 for the colli-
sional heating rate of CH1. As long as radiative cooling
is much faster, it will probably dominate for any infrared
active molecular ion beam under typical storage rin
conditions.

In summary, we have shown that photofragment spe
troscopy at a storage ring can yield spectra of cold molec
lar ions, with valuable information added by the storag
time dependence of the spectra. Taking near-thresh
photodissociation of CH1 in low rotational states as a
benchmark problem, we have observed the predicted re
nances between the C1 fine-structure states for the first
time. Further analysis of the spectrum will considerab
improve the knowledge of the CH1 threshold region and
perhaps justify a new calculation of the radiative associ
2812
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tion rate. From the time dependence, it is now clear t
the rotational distribution of the stored beam is dominat
by radiative cooling and can reach room temperature. T
result is important for many experiments performed w
molecular ions in storage rings.

We thank H. Helm, A. Suzor-Weiner, E. Tiesinga
and especially C. J. Williams for important discussio
and advice. This work has been partly funded by t
German Minister for Education, Science, Research a
Technology under Contract No. 06HD8541, and by t
German Israel Foundation under Contract No. I-045
200.07y95.

[1] M. M. Graff, J. T. Moseley, and E. Roueff, Astrophys. J
269, 796 (1983), and references therein.

[2] A discussion of the “CH1 problem” is included in J. H.
Black, Adv. At. Mol. Phys.25, 477 (1988).

[3] C. E. Moore, Ionization Potentials and Ionization Limits
Derived from the Analysis of Optical Spectra,National
Standards Reference Data Series—34 (U.S. GPO, Wa
ington, DC, 1970).

[4] S. Greenet al., Phys. Rev. A5, 1614 (1972); R. P. Saxon
and B. Liu, J. Chem. Phys.78, 1344 (1983).

[5] J. F. Bazet, C. Harel, R. McCarroll, and A. Riera, Astro
Astrophys.43, 223 (1975).

[6] M. M. Graff and J. T. Moseley, Chem. Phys. Lett.105,
163 (1984); M. M. Graff, J. T. Moseley, J. Durup, an
E. Roueff, J. Chem. Phys.78, 2355 (1983).

[7] C. J. Williams and K. F. Freed, J. Chem. Phys.85, 2699
(1986).

[8] For a review, see K. P. Kirby and E. F. van Dishoec
Adv. At. Mol. Phys.25, 437 (1988).

[9] For a review, see H. Helm, inElectronic and Atomic
Collisions, edited by J. Eichler, I. V. Hertel, and
N. Stolterfoht (North-Holland, Amsterdam, 1984).

[10] B. A. Huberet al., Rev. Sci. Instrum.48, 1306 (1977).
[11] T. Uzer and A. Dalgarno, Chem. Phys. Lett.63, 22 (1979).
[12] P. C. Cosby, H. Helm, and J. T. Moseley, Astrophys.

235, 52 (1980).
[13] H. Helm, P. C. Cosby, M. M. Graff, and J. T. Moseley

Phys. Rev. A25, 304 (1982).
[14] P. J. Sarre, J. M. Walmsley, and C. J. Whitham, J. Che

Soc. Faraday Trans. 282, 1243 (1986).
[15] Z. Amitay, D. Zajfman, and P. Forck, Phys. Rev. A50,

2304 (1994).
[16] M. Larsson, Annu. Rev. Phys. Chem.48, 145 (1997).
[17] Z. Amitay et al., Phys. Rev. A54, 4032 (1996).
[18] I. F. Schneideret al., J. Phys. B30, 2687 (1997).
[19] D. Habset al., Nucl. Instrum. Methods Phys. Res., Sec

B 43, 390 (1989).
[20] T. Heupel, Diplomarbeit, Universität Heidelberg, 199

(unpublished).
[21] I. Kusunoki and Ch. Ottinger, J. Chem. Phys.73, 2069

(1980); M. Carre, Physica41, 63 (1969).
[22] A. Carrington and D. A. Ramsay, Phys. Scr.25, 272

(1982).
[23] F. R. Ornellas and F. B. C. Machado, J. Chem. Phys.84,

1296 (1986).


