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Radiative relaxation times of rovibrational transitions for the electronic ground state of HDT,
150%0*, and '2C'*C™ are calculated. These lifetimes are compared with the storage time in a heavy-ion
storage ring where molecular ions can be stored, in order to provide vibrationally and rotationally cold
ions. The relevance of the results to the measurement of dissociative recombination of cold molecular

ions is discussed.

PACS number(s): 34.80.Gs, 35.80.+s, 34.80.Kw

1. INTRODUCTION

It is well known that the radiative rovibrational life-
time of molecules is important in several areas of physics,
such as in plasmas, and in spectroscopic observations of
interstellar clouds where a large number of molecules and
molecular ions have been observed [1]. In order to obtain
quantitative values for the densities of such species, the
transition strength between various rotational-vibrational
levels is of great importance. Moreover, measurements of
the microwave spectra of certain molecules (e.g., CO,
HCN, H,CO, etc.) in certain interstellar clouds have re-
vealed anomalous enrichment of the rare isotopic species
with respect to their terrestrial abundance levels (e.g., for
3¢, BN, B0, etc.) [2].

Another area where the knowledge of the lifetime of
rovibrational transition is important is related to the
cooling of internal degrees of freedom of molecules. Dur-
ing the past two years, new types of experiments have
been performed in a heavy-ion storage ring [3-7]. In
these experiments, molecular ions are stored for a rela-
tively long period of time and thus can be cooled to the
ground vibrational and—perhaps—rotational state.
Since these molecular ions are produced in a regular ion
source (such as a duoplasmotron or sputter source), they
are generally highly vibrationally excited. In order to
completely relax a molecular ion to the ground state, the
storage time of the beam in the ring has to be longer than
the typical decay time for rovibrational transition. For
molecules with an electric dipole moment such as dia-
tomic heteronuclear molecules, these decay times are in
the range of milliseconds to a few seconds. Clearly, this
technique of radiative relaxation is inapplicable for mole-
cules with no dipole moment. As an example, the es-
timated lifetime for the quadrupole transition from v=1
to v=0in H;' is of the order of 10° s [8].

Among the various molecular ion beams experiment
which can be performed using the heavy-ion storage ring
technique, the first have focused on the process of dissoci-
ative recombination between electrons and molecular
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ions [3-7]. In this process, a molecular ion AB* cap-
tures an electron in one of the dissociative states and dis-
sociates into two neutral fragments A4 +B. It is well
known that the cross section for this process is very sensi-
tive to the initial vibrational (and rotational) state of the
molecular ion AB™ [9]. The dissociative recombination
cross section has been measured over the past 20 years
for a great variety of molecular ions; a review of this field
can be found in Ref. [10]. Various methods have been
used to measure the cross section, but the most successful
one has been the merged beam technique [10]. In these
experiments, a beam of molecular ions is produced in an
ion source, accelerated to an energy of several hundreds
keV, and merged with an electron beam. The relative en-
ergy in the frame of reference of the molecular ions can
be varied by detuning the electron beam energy and the
neutralized fragments can be collected after the interac-
tion region. Various types of ion sources have been used
in order to produce internally cold beams of molecular
ions [11]; however, it is very difficult to measure the pop-
ulation of the various vibrational states and some uncer-
tainties still remain as to whether the ions are fully re-
laxed.

Using the heavy-ion storage ring technique, a beam of
molecular ions can be stored for a long period of time
(beam lifetimes varying from a few seconds up to a
minute), after acceleration to an energy of several MeV,
thus allowing for the deexcitation of the initial vibration-
al and rotational excitation. This technique is valid only
if all the vibrational modes are infrared active. Since
homonuclear diatomic-ions do not possess a dipole mo-
ment, no vibrational cooling is possible via dipole transi-
tions. However, a homonuclear diatomic ion that has
been asymmetrized by isotopic enrichment possesses a di-
pole moment relative to the center of mass (because the
center of mass and center of charge do not coincide
[12,13]). Such molecules (such as H; , OF, and C;) are
among the most interesting cases for the dissociative
recombination process, thus it is interesting to know if it
is possible to vibrationally and rotationally relax asym-
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metrized homonuclear diatomic ions by storing them in a
storage ring. In the following, we present estimates of
the lifetimes of rotational and vibrational transitions for
the isotopically asymmetrlzed diatomic ions HD™
160180+, and 2C3C* and a comparison with their mea-
sured or estimated storage time at the Test Storage Ring
(TSR) located at the Max Planck Institut fiir Kernphysik,
Heidelberg [14]. ‘

II. METHOD

The radiative lifetimes of rovibrational states were es-

timated for the electronic ground state of several isotopi-
cally asymmetrized diatomic ions within the following
approximations: (i) The Born-Oppenheimer approxima-
tion is assumed to be valid, (ii) the rotational-vibrational
coupling is not included, and (iii) only electric dipole
transitions are taken into consideration.

The radiative lifetime 7., of a rovibrational state +'J’,
where v’ and J' are the vibrational and rotational quan-
tum numbers, is given by

Tyr=—— R 1

VI Av'_]' 3 ( )
where 4,5+ is the total Einstein coefficient, which in the
present case is the sum over all probabilities for spontane-
ous transitions between any two rovibrational states, in
the ground electronic state. The spontaneous radiative
transition probability between two specific states v'J' and
Vv"'J", usually expressed as the Einstein coefficient
Ay ypigns is given by

A‘/JI;VIJ" =7.2356 X 10_6AE3/JI;V"JN |M1/J’;1/’J" IZ N

(2)
M-;JJ’ g = <,VJIUQ'|VUJ—H

where M is the dipole moment operator and AE,, sy 18
the energy dlﬁ‘erence between the two states. If AE is
given in cm™! and M,y 0y in e A, then Ay 18 in

units of s~ .
The total Einstein coefficient 4, is given by
vr= 2 Ay - 3)

PYIN L4

The sum in Eq. (3) is over all allowed transitions and it
can be expressed as [15,16]

Ayp=[A3,+ 4%, + 45,1, @
where
e 12—
Av.J,—-Cm-(zJ,—_m 2 T AE‘V’J WL
4% =Sy, PAEY ., o)
T+ 2, T -
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and C is the numerical factor as in Eq. (2). A is the quan-

tum number of the electronic angular momentum about

the internuclear axis and is determined by Hund’s cou-

pling rules [17] (see Sec. III).
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The dipole matrix element is given by
72 ” = f0w¢V(R)#(R)¢V'(R)dR ’ (6)

where R is the internuclear distance, v,, and 1, are the
vibrational parts of the wave functions, and u(R) is the
dipole moment function.

The dipole moment function of a homonuclear diatom-
ic molecular ion of charge Q =Ze containing isotopes of
masses m; and m, separated by a distance R is given by

-~ [12,13]

(R)=Ze—t "2 p (7
H - em1+m2 : )

Note that this expression is ‘exact within the Born-
Oppenheimer approximation and is valid irrespective of
the electronic state of the molecule.

The energy difference AE /., is given by

AE ;. yn=AEYS: +AE.
AERL =B [J'(J'+1)=J"(J"+1)],

AEYS, =EW—EW ,

(®

where AEY®, and AE%. are the vibrational and rotation-
al energy dlﬁ’erence, respectively, and B, is the rotational
constant. The vibrational energy levels and the corre-
sponding wave functions were calculated by solving the
Schrédinger equation [18] for the potential curve V(R) of
the electronic ground state of the molecular ions. Exact
values of the potential curve were used if available from

- previous calculations. In other cases, a Morse-type po-
* tential was used according to the known molecular con-

stants D,, @,, and R, [19].

III. RESULTS

The estimated rovibrational radiative lifetimes of
HD™, 1901807, and >)C1*C* are given in Tables I, II,

-and III, respectively, for vibrational levels v=10. Re-

sults for higher vibrational states are not presented since
it is known that the Morse approximation to the poten-
tial curve is not precise enough for these states. More-
over, the simple Born-Oppenheimer approximation used
in this calculation breaks down for these levels. For a
given electronic ground state, the value of A and the
relevant values of the rotational quantum number J' were
determined by the Hund’s coupling case [17] of this state.
The X 23 state of HD™ and the X *3; state of 2CB3¢c*t
were cons1dered as Hund case (b) and the x4’ , ¢ State
- of %0180 as Hund case (a). It is important to point out
that the different types of Hund’s coupling affect mainly
the lifetime of pure rotational transitions.

The results for the X 2=} state of HD™ are shown in
Table I. For this case, exact values of the potential curve
have been calculated [20] and were used in the present

_calculation. The Schrodinger equation was solved for the

vibrational energies and good agresment was found with
the known experimental results [21]. The calculated life-
times are in good agreement (within 10%) with calcula-
tions based on previous accurate theoretical results of
Colbourn and Bunker [22]. The longest vibrational life-
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TABLE 1. Radiative lifetimes 7, (in s) calculated for various rovibrational states v'J’ of the X 22;

state of HD . S ‘

) J'=0 J'=1 J'=2 J'=3 J'=4 J'=5 J'=6 J'=7
V=0 140.24 14.61 4.04 1.64 0.823 0.469 0.292
v'=1 0.059 0.059 0.058 0.057 0.055 0.052 0.049 0.045
V=2 0.032 0.032 0.031 0.031 0.030 0.029 0.027 0.026
V=3 0.023 0.023 0.023 0.022 0.022 0.021 0.020 0.019
V=4 0.019 0.019 0.018 0.018 0.018 0.017 0.016 0.015
v=5 - 0.016 0.016 0.016 0.016 0.015 0.015 0.014 0.013
v'=6 0.015 0.015 0.014 0.014 0.014 0.013 0.013 0.012
V=7 0.014 0.014 0.013 0.013 0.013 0.012 0.012 0.011
v'=8 0.013 0.013 0.013 0.013 0.012 0.012 0.011 0.010
Vv'=9 0.013 0.013 0.013 0.012 0.012 0.011 0.011 0.010
v'=10 0.013 - 0.013 0.013 0.012 0.012 0.011 0.011 0.010

TABLE II. Radiative lifetimes 7, (in s) calculated for various rovibrational states v'J’ of the

X I, 5 ¢ state of °0'*0*. Numbers in square brackets denote multiplication by powers of 10.

J=t r=3 y=f y=1 r=% Jry=4 =3 =5
v'=0 3.7[6] 6.6[5) 22[5]  1[5] 5.5[4] 3.3[4] 2.1[4]
v=1 2506  25.06 25.06 25.06 2505 2504 25.03 25.02
V=2 1290  12.90 12.90 12.90 1289 12.89 12.89 12.88
V=3 8.85 8.85 8.85 8.85 8.85 8.85 8.85 '8.84
V=4 6.84 6.84 6.84 6.84 6.84 6.84 6.83 6.83
V=5 5.64 5.64 5.64 5.64 5.63 5.63 5.63 5.63
V=6 4.84 4.84 4.84 4.34 4.84 4.84 4.34 4.34
V=T 428 428 428 428 428 428 428 427
V=8 3.86 3.86 3.86 3.86 3.86 3.86 3.86 3.86
V=9 3.54 3.54 3.54 3.54 3.54 3.54 3.54 3.54
V=10 329 329 1329 3.29 3.29 3.29 3.29 3.29

TABLE III. Radiative lifetimes 1., (in s) calculated for various rovibrational states v'J’ of the
X *3; state of 2C°C*. Numbers in square brackets denote multiplication by powers of 10.

=0  J'=1 J'=2 J'=3 I'=4  J=5 J'=6 J'=17
V=0 2.6[7] 2.7[6] 7.5[5)  3[5] 1.5[5] 8.7[4] 5.4[4]
V=1 7812 78.12 78.11 78.10 78.08  78.05 78.01 77.95
V=2 4009  40.08 40.08 40.08 4007  40.06 40.04 40.02
V=3 2743 2743 2743 27.42 2742 2741 2741 27.39
V=4 2112 2112 21.12 21.12 2111 2111 21.10 21.01
V=5 1735 1735 17.35 17.35 1735 17.34 17.34 17.33
V=6 1485  14.85 14.85 14.85 1485  14.84 14.84 14.84
V=7 1308 13.08 13.08 13.08 1308 13.07 13.07 13.07
V=8 11.76 1176 11.76 11.76 1176 11.76 11.75 1175
V=9 1075 1075 10.75 10.75 1074 1074 10.74 10.74
V=10 9.95 9.95 9.94 9.94 9.94 9.94 9.94 9.93
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time is for the lowest transition (+'=1 to +''=0), which is
of the order of 60 ms. Thus one can assume that HD ¥ is
fully vibrationally relaxed after a time which is shorter
than 1 s. This, however, is not true for rotational transi-
tions, which take place in the lowest vibrational level
(v'=0), where the time needed for full rotational relaxa-
tion is longer than 2 min.

Measurements of dissociative recombination of HD™
with electrons have been performed using the TSR,
Beams of HD ™ with energies of 2.5 and 8 MeV have been
stored in the ring [3,4] (average vacuum of 5X 10!
mbar), with a beam lifetime of 5 and 23 s, respectively. It
is important to point out that due to the very large cross
section (o ~10"1 cm?) for the process of recombination,
even very weak beam currents can be used for these mea-
surements. Thus, even if the beam lifetime is of the order
of several seconds, the effective time that such a beam
can be stored in the ring, before performing the recom-
bination measurement, is close to 1 min. In any case, it is
clear that the HD molecules are vibrationally relaxed in
a time which is shorter than 1 s. However, since the rota-
tional lifetimes are much longer, the molecular ions were
not fully rotationally relaxed in these previous experi-
ments. Future measurements of the recombination rate
as a function of storage time (for times longer than 1 s)
could help to extract the influence of the rotations on the
cross sections. Such effects have been predicted [23,24],
but no experimental evidence exists. On the other hand,
by measuring the recombination rate for very short
storage times (<1 s), the dependence of the cross section
on the vibrational excitation can be extracted. Such a
dependence has been observed with HD™ [4,25] and is
shown in Fig. 1. A very sharp decrease of the recombina-
tion rate is observed for a storage time shorter than 0.3 s.
This fast decay is due to the sensitivity of the dissociative
recombination process to the vibrational excitation.
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FIG. 1. Rate of recombination as a function of storage time
for HD™* and Hj . The fast decay of the HD™ rate is due to vi-
brational relaxation, The slow decay (both for H; and HD) is
due to particle loss by remanent gas collisions.
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Hence it is expected that the recombination cross section
will decrease with a time constant comparable to that of
the vibrational relaxation. From Table I one can see that
the calculated full vibrational relaxation time for HD ™ is
of the same order of magnitude. Assuming that the ini-
tial vibrational state distribution can be approximate by a
Franck-Condon distribution [26], one can compute the
total relaxation time. The result of such a calculation is
in good agreement with the measured 300 ms. A com-
parison with the same measurement made with H; (see
Fig. 1) shows clearly the effect of the radiative relaxation.
More details concerning these results can be found in
Refs. [3,4]. '

Results for the rovibrational lifetime for the X II e
state of °0'®0™" and for the X *3, state of 12C“C+ are
presented in Tables II and III, respectlvely In these
cases, a Morse-type potential was used according to the
known molecular constants [12,27-29]. Good agreement
(within 1%) between the vibrational energies calculated
here and previous calculations and observations [27,29]
was found for both cases. The vibrational transition
times in these cases are much longer than for HD™, and
the time scale for full vibrational relaxation of these ions
is of the order of few minutes.

Measurements made with a C;” beam at the TSR [30]
have shown that at the highest possible storage energy of
3.9 MeV, the lifetime of the beam is about 5 s (average
vacuum pressure 7X 10711 mbar), although as pointed
out in the HD ™ case, the cross section for recombination
is so large that an effective storage time of 1 min is possi-
ble. However, as can be seen from Table III, this is bare-
ly enough for partial vibrational relaxation.

For the ®0'®0O™" case, the situation is slightly better
since the vibrational transition times are shorter by a fac-
tor of 3 than for >)C!3C*. Thus, assuming that the life-
time of an O5 beam is of the same order as for C;", one
can expect to produce beams of fully vibrationally re-
laxed molecular ions of oxygen at the TSR. Measure-

. ments of the recombination rate of 00" with elec-
. trons will be performed at the TSR in the near future.

From the results shown in Tables II and III, no rotational
relaxation can be expected, since the storage times are
many order of magnitude shorter.

The above results are based on pure rovibrational radi-
ative transitions. Although it is expected that this is the
main relaxation process, other possibilities exist. For ex-

. ample, low-lying electronic states could play a role in the

deexcitation of high vibrational states. In this case, a
transition from a high vibrational state of the electronic
ground state to a low vibrational state of the low-lying
excited electronic state could be followed by an electronic
transition to a low vibrational state of the ground elec-
tronic state' Such a transition exists for 080" involv-
ing the a II excited state, which decays to the X 2l'I
ground state in about 100 ms [31].

IV. CONCLUSIONS

From the above results, a complete cooling to the vi-
brational and rotational ground state of HD™ can be
achieved by storing the beam in a heavy-ion storage ring.
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For %00, cooling to the vibrational ground state is
possible, while for the 2C'*C™ case, relaxation to low vi-
brational states (v =0, 1,2) can be achieved. No rotation-
al cooling is expected for these heavy molecular ions in
the existing storage time range. Although the beam life-
time was measured at the TSR, no significant change in
the results is expected for other existing heavy-ion
storage rings. Rovibrational lifetimes of other asym-
metrized homonuclear diatomic molecular ions are avail-
able from the authors.
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