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ABSTRACT

The dissociative recombination (DR) of D3S
+ has been studied at the heavy ion storage ring CRYRING. The ab-

solute DR cross sections have been measured over the interaction energy range between �0 and 0.1 eV, and the
energy-dependent cross section obtained is best fitted by the expression �(E) ¼ (1:3 � 0:3) ; 10�16E�1:36�0:04 cm2.
From the cross section the thermal rate coefficient has been deduced to be (2:8 � 0:7) ; 10�7(T /300)�0:86�0:03 cm3 s�1.
The branching fractions in the reaction have been measured at �0 eV collision energy. The break-up into D2S+D oc-
curs with a probability of only 0:17 � 0:08, whereas the three-body channel DS+2D dominates with a probability of
0:58 � 0:11. The remaining channels DS+D2 and S+D2+D contribute with 0:15 � 0:07 and 0:10 � 0:06, respectively.
The impact of these results on the sulfur chemistry and deuterium fractionation in darkmolecular cloudswas investigated
through chemical kinetic models. With these data, the calculated fractional abundance of H2S is lower than observed in
TMC-1, which supports the assertion that H2S is formed on grain surfaces and not through gas-phase reactions.

Subject headinggs: ISM: clouds — ISM: molecules — methods: laboratory — molecular processes
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1. INTRODUCTION

Dissociative recombination (DR) describes the reaction se-
quence in which a singly charged molecular ion captures an elec-
tron to form a highly excited neutral moleculewhich subsequently
dissociates into neutral fragments (atoms ormolecules). Since DR
in general possesses no energy barrier and occurs very efficiently
at low interaction energies, it is a crucial reaction in cold plasmas
such as molecular clouds and planetary atmospheres (Larsson
1997). In these media, H2S is one of the most widely observed
sulfur-bearing molecules. Its formation is, however, dependent
on the prevalent environmental conditions (van der Tak et al.
2003).

H2S has been detected in various extraterrestrial environments,
e.g., in the low-mass star-forming region L1689N (Wakelam et al.
2004), the star-forming region OMC-1 (Minh et al. 1990), the
galactic core NGC 253 (Martı́n et al. 2005), the complex proto-
stellar system IRAS 16293�2422 (van Dishoeck et al. 1995), and
the Jovian atmosphere (Lodders 2004). Lucas & Liszt (2002)
reported the first H2S detection in diffuse clouds, while its pres-
ence in dense clouds was reported earlier, e.g., in TMC-1 (Minh
et al. 1989) and L134N (Ohishi & Kaifu 1998).

In dense interstellar clouds, dihydrogen sulfide is believed to
be formed in the gas phase via a sequence of reactions initiated by
the reaction between neutral sulfur and Hþ

3 (Prasad & Huntress
1982):

Sþ Hþ
3 ! HSþ þ H2: ð1Þ

However, reactions of the type

HnS
þ þ H2 ! Hnþ1S

þ þ H (n ¼ 0; 1; 2) ð2Þ

are highly endothermic and cannot occur in cold interstellar clouds
(Millar & Herbst 1990), and therefore H3S

+ as a precursor of
H2S is most likely produced in the radiative association reaction

HSþ þ H2 ! H3S
þ þ h�: ð3Þ

Subsequently, H3S
+ can dissociate after recombination with a

free electron, yielding H2S. However, at low temperatures the
rate coefficient for reaction (3) is very low,�3:5 ; 10�15 cm3 s�1

at 10 K (Herbst et al. 1989), limiting the number of H2S mole-
cules produced in cold clouds via the dissociative recombination
(DR) of H3S

+.
H3S

+ might be one of the minor molecular ions in the coma
of Comet Halley, contributing to the peak with a mass-to-charge
ratio of 35 detected by the ion mass spectrometer on the Giotto
spacecraft observed at distances <1000 km. At larger distances
from the comet core, DR is thought to be the major loss mech-
anism for H3S

+ (Haider & Bhardwaj 2005).
Inmolecular clouds, the observed abundance ratio of deuterium-

containing molecules and their H-bearing analogs is usually
1000 times higher than the total cosmic D/H ratio of 10�5 (Roueff
et al. 2000). It is evident that in such environments the formation
of heavy, deuterated molecules is more favorable. Although this
is a relatively well-understood chemical process (replacing an
H atom with D typically lowers the ground-state energy level of
themolecule by several hundred cm�1; Rodgers&Charnley 2002),
observations in the last few years of doubly and triply deuterated
species have renewed interest in the deuterium fractionation oc-
curring in dense clouds. Among the many deuterated molecules
that have been observed, there exist four sulfur-bearing ones:
HDS and D2S have been detected toward several protostars and
dense cores (van Dishoeck et al. 1995; Vastel et al. 2003), HDCS
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toward TMC-1 (Minowa et al. 1997), and D2CS toward the dark
cloud Barnard 1 (Marcelino et al. 2005). Deuteration of H2S by
H2D

+, HDþ
2 or Dþ

3 followed byDR under expulsion of anH atom
could lead to the HDS formation. Therefore, in this study we will
also investigate to what extent deuterium fractionation of sulfur-
bearing compounds is affected by branching fractions of D3S

+.
In this paper we report on the cross section and complete neu-

tral product branching fractions in the DR of D3S
+. The fully

deuterated isotopologue of H3S
+ was used in the experiment in

order to provide better mass separation of the DR products on a
detector. We expect that the isotope effect is not significant for
the values of the branching fractions. We used the obtained data
to investigate their effect on the sulfur chemistry and deuterium
fractionation in dark clouds by performing model calculations.

2. EXPERIMENT

The experiment has been carried out at the heavy-ion storage
ring CRYRING at theManne Siegbahn Laboratory in Stockholm,
Sweden. For the ion production, a hollow cathode ion source
JIMIS (Peterson et al. 1998) was used with a gas mixture of D2

and D2S (96% 32S). The ions were extracted from the source at
40 keV, and after mass selection in a bending magnet, injected
into the storage ring. The ion mass 40 amu (D34

3 Sþ) was chosen
to minimize possible isotope contamination. The ions were fur-
ther accelerated in the ring by a radio frequency cavity to the max-
imum energy 2.4MeVallowed by themagnetic rigidity of the ring
and stored for 3 s prior to the measurements.

CRYRING is a nearly circular ion storage ring (circumference
of 51.6 m), which consists of 12 straight sections separated by
bending magnets. One of the sections is equipped with an elec-
tron cooler, where the stored ion beam interacts colinearly with a
monoenergetic electron beam over a distance of 85 cm. The elec-
tron beam is characterized by an anisotropic Maxwellian distri-
bution with estimated transversal and longitudinal temperatures
of kT? ¼ 2 meV and kTk ¼ 0:1 meV, respectively. Any neutral
fragment originating from reactions occurring in the interaction
region remains unaffected by the magnetic field of the bending
magnet following the electron cooler, and leaves the ring tangen-
tially. The neutral fragments are detected with a surface barrier
detector. In the present experiments two detectors with active areas
of 900 and 3000 mm2 were used, which were located at distances
of �3.8 and �4.2 m from the center of the electron cooler, re-
spectively. The small detector has higher energy resolution, but
due to the smaller geometrical size, some particles which gain a
sufficiently large transverse kick from the reaction can miss it.
Therefore, the large detector was used in the measurements of
DR cross sections, while the branching fractions were measured
with the small detector. The output signal from the detector is
proportional to the kinetic energy of the incoming particles de-
posited in the active region of the detector. This signal after am-
plificationwith a linear amplifier wasmonitored by aMultiChannel
Analyzer (MCA) to give a pulse-height spectrum. For measure-
ments of the reaction cross section, the DR count rate was mea-
sured by discriminating any signals with amplitude other than
that corresponding to the full beam energy and recording the sig-
nal versus storage time with a MultiChannel Scaler (MCS).

3. DATA ANALYSIS

3.1. Cross Section

The DR cross section is investigated as a function of the inter-
action energy, or detuning energy Ed, given by

ffiffiffiffiffiffi
Ed

p
¼

ffiffiffiffiffi
Ee

p
�

ffiffiffiffiffiffiffiffiffiffi
Ecool

p
ð4Þ

where Ee is the kinetic energy of the electrons and Ecool is the
cooling energy, which is the kinetic energy of electrons when they
have the same velocity as the ions. When the detuning energy Ed

is much higher than kT?, equation (4) determines the center-of-
mass collision energy. The energiesEe and Ecool can be expressed
in terms of the electron gun cathode voltage corrected for the
space charge effect in the electron beam (Kilgus et al. 1992) and
its partial neutralization by trapped positive ions (Semaniak et al.
1998). After each injection and acceleration of the ions, the elec-
tron gun cathode voltage was altered as a function of time ac-
cording to the scheme plotted in Figure 1a, which allowed us to
scan the collision energy from�0 to 1 eV twice,with the electrons
moving faster and slower than the ions. The data obtained are
plotted in Figure 1b. The DR cross section at a collision energy
of 1 eV is negligible, and thus the corresponding count rate re-
corded with the surface barrier detector can serve as a measure of
events due to background processes generated in charge-transfer
reactions with residual gas. By assuming an exponential time de-
pendence of the ion beam current, the measured background
count rate was interpolated over the whole time range and sub-
tracted from the total signal, yielding a pure DR count rate as
shown in Figure 1c.
The measured DR rate coefficient �(Ed), which is the velocity-

weighted cross section, averaged over the electron velocity dis-
tribution in the electron beam, was derived using the expression

�(Ed) ¼
dNDR

dt

vev ie
2r2e�

IeIil
; ð5Þ

where dNDR /dt is the recorded count rate of DR events, e is the
elementary charge, ve and v i are electron and ion velocities in the
laboratory frame of reference, respectively, l is the length of the par-
allel interaction region, and re is the radius of the electron beam
with a current of Ie. The ion-beam current Ii in the present ex-
perimentswas typically 3.9 nA. Themethod employed tomeasure
the current is explained in detail elsewhere (Paál et al. 2004).
The measured rate coefficient was corrected for the so-called

toroidal effect (Lampert et al. 1996). Finally, the DR cross section
could be found by dividing the derived rate coefficient �(Ed) by
the detuning velocity vd, which is defined as vd ¼ (2Ed /me)

1/2,
where me is the electron mass. This procedure can be applied as
long as the collision energy is larger than the energy spread of the
electrons. Otherwise, a numerical Fourier transform technique
(Mowat et al. 1995) is implemented to deconvolute the cross

Fig. 1.—(a) Cathode voltage vs. storage time during cross section measure-
ment. (b) The DR signal+background recorded with the MCS. (c) The pure DR
signal obtained after the subtraction of background.

KAMIŃSKA ET AL.1718 Vol. 681



section from the measured rate coefficient; this was done in the
present work.

The thermal rate coefficient as a function of the electron tem-
perature Twas obtained by integrating the absolute cross section
�(E ) over the electron energy distribution in thermal equilibrium
conditions:

�(T ) ¼ 8�me

(2�mekT )
3=2

Z 1

0

E�(E)e�E=kT dE: ð6Þ

3.2. Product Branching Fractions

In the DR of the D3S
+ ions with near-zero eV electrons, the

following channels are energetically accessible:

D3S
þ þ e� !

D2Sþ Dþ 6:22 eV (�)

DSþ 2Dþ 2:3 eV (�)

DSþ D2 þ 6:82 eV (�)

Sþ D2 þ Dþ 3:13 eV (�):

8>>><
>>>:

ð7Þ

The energetics quoted here are obtained from calculations using
the fully hydrogenated molecules, and it is assumed that isotopic
shift for deuterated species will be not significant, and that the
products are formed in the ground state. The products of a DR
reaction reach the detector within a time interval shorter than the
pulse shaping time of the detector amplifier. In order to deter-
mine the product branching fractions, a grid with a transmission
of t ¼ 0:297 � 0:015 (Neau et al. 2000) was inserted in front of
the surface barrier detector. The probability for a particle to be
stopped by the grid or pass through is 1� t and t, respectively.
The output signal from the detector has amplitude proportional
to the energy carried by the fragments. The fragment with a mass
of Mx has an energy that is the fraction of the full beam energy
E tot given by EtotMx/M tot , whereM tot is the mass of the ion. Con-
sequently, the pulse-height spectrum of the DR products with the
grid in front of the detector is no longer a single peak with an
amplitude corresponding to the full ion beam energy. Instead it
consists of a series of peaks at different positions defined by the
energy carried by the fragments passing through the grid. These
intensities can be expressed in terms of the product branching
fractions and the transmission probability. For example, neutral
DR products produced in dissociation channel � can be detected
either with the total ion beam energy with a probability of t2, or
with the energy carried by the D2S fragment with a probability of
t(1� t), or with the energy carried by the D fragment with the
same probability t(1� t). The neutral product pulse-height spec-
tra were recorded with the electron beam energy tuned to collision
energy of both�0 eV (Fig. 2a) and 1 eV (Fig. 2b). Simultaneously,
the ion beam intensity was monitored with an MCP detector lo-
cated in another straight section of the ring. The background spec-
trum registered at 1 eV is assumed to be dominated by products
from collisions of the ions with residual gas (since the DR cross
section at this energy is vanishingly small ). Both spectra, after
being normalized to the intensity of the ion beam measured with
theMCP detector, were subtracted from each other, thus yielding
a neutral product pulse-height distribution spectrum (Fig. 2c) re-
sulting purely from DR reactions.

The energy resolution of the smaller detector was sufficient to
resolve deuterium peaks (Fig. 2). However, the peaks originating
from fragments containing a sulfur atom were not resolved in the
pulse-height spectrum of DR products. In order to determine the
intensities of individual peaks, their positions and widths have
been assumed to be the same as were found in the background
spectrum recorded at 1 eV in which they were resolved (Fig. 2b).

Moreover, the detector did not allow the detection of all DR pro-
ducts, because the maximum transversal separations of some light
products were larger than the active area of the detector. The loss
events influence the intensities of individual peaks in the pulse-
height spectrum of the DR products, and therefore corrections
have to be done to account for this effect. From simple investi-
gation into two-body channels energetics, we found that the ki-
netic energy release in those dissociation channels is high enough
to make some of the D or D2 fragments evade the detector. How-
ever, for the DS+2D channel a Monte Carlo simulation of the
velocity/energy of the fragments from those DR reactions was
performed to investigate this effect. The procedure is described
in detail elsewhere (Thomas et al. 2002). Analysis of the results
from the simulation showed that in channel DS+2D, the losses
were negligibly small and thus they should not contribute to the
final result. Three correction factors, L�, L� , and L� for chan-
nels �, �, and �, respectively, representing probabilities that one
deuterium atom (or D2 molecule in case of L� ) can miss the de-
tector, were implemented in order to take this situation into
account.With these factors the intensities of the peaks in the pulse-
height spectrum can be described by the set of equations (8) ex-
pressed in terms of the grid transmission, t, and the number of
events in individual dissociation channels N�, N�, N� , and N�:

ID

I2D

I3D

IS

ISþD

ISþ2D

ISþ3D

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

¼ TD3S
þ ;

N�

N�

N�

N�

0
BBB@

1
CCCA; ð8Þ

where the matrix TD3S
þ is given in Appendix equation (A1).

As seen from this set of equations, only one dissociation chan-
nel can contribute to the peaks resulting from detection of three
deuterium atoms or a single sulfur atom. Therefore, the correction
factor L� can be analytically derived from rows 3 and 4 in equa-
tion (8) as

I3D

t2(1� t)L�
�

¼ IS

t(1� t)2L�
� þ t(1� t)L�

; ð9Þ

Fig. 2.—Energy spectra of neutral fragments from DR of D3S
+ measured

with the grid in front of the detector. (a) The spectrummeasured with a detuning
energy of 0 eV. (b) Background spectrum collected after changing the detuning
energy to 1 eV. (c) The pure DR spectrum obtained after the subtraction of the
background with Gaussian fits of the individual sulfur peaks.
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and used as a fixed parameter in solving the system of equa-
tions using a least-squares method. The branching fractions for
an individual dissociation channel are finally obtained after the
normalization:

�; �; �; � ¼ N�;�;�;�

N� þ N� þ N� þ N�
: ð10Þ

4. RESULTS AND DISCUSSION

The absolute cross section for the DR of D3S
+ was measured

over the energy range�0–0.1 eVand is plotted in Figure 3. The
energy dependence obtained for the cross section is best fit by
the expression �(E ) ¼ (1:3 � 0:3) ; 10�16E�1:36�0:04 cm2 over
the energy range 1–100 meV. The derived energy dependence
E�1.36 is much steeper than the E�1 behavior typical of the direct
DR mechanism, according to the Wigner threshold law (Wigner
1948). This result implies that the resonant capture of an electron
into Rydberg states and decay via the indirect mechanism plays
an important role in the DR of D3S

+ at low energies.
From the measured cross sections, a thermal rate coeffi-

cient has been derived yielding �(T ) ¼ (2:8 � 0:7) ; 10�7(T /
300)�0:86�0:03 cm3 s�1 over the temperature range of 50–1000K.
The temperature dependence of the rate coefficient is steeper
than the T�0.5 predicted by theory for the direct mechanism
(Bardsley 1968). The thermal reaction rate coefficients for H3S

+

at 300 K have been measured previously. The results obtained
from flowing afterglow experiments are 3:7 ; 10�7 cm3 s�1 with
FALP apparatus (Adams&Smith 1988), and 5:2 ; 10�7 cm3 s�1

(Abouelaziz et al. 1992) and 5 ; 10�7 cm3 s�1 with FALP-MS
apparatus (Rowe et al. 1995). The present results show that the
thermal rate coefficient found for D3S

+ is smaller than those re-
ported for H3S

+. However, the data are not directly comparable,
since isotopologue effects are well known. A similar tendency of
the smaller rate coefficient for deuterated species has been observed
in previous DR studies; see, e.g., H3O

+ vs. D3O
+ (Neau et al.

2000), H2O
+ vs. HDO+ (Jensen et al. 1999), and NH+

4 vs. ND
+
4

(Öjekull et al. 2004). In the case of protonated water, the rate
coefficient at 300 K for D3O

+ was 2 times lower than for H3O
+,

and similar ratios were found for the other mentioned ions. If we
assumed the same difference between rate coefficients for D3S

+

and H3S
+, then the guessed rate for H3S

+ would be 5:6 � 1:4 ;
10�7 cm3 s�1, which would agree well with the values reported
in the previous FALP experiments.

The DR branching fractions derived from the measured data
are 0:17 � 0:08, 0:58 � 0:11, 0:15 � 0:07, and 0:10 � 0:06 for
the dissociation channels D2S+D, DS+2D, DS+D2, and S+D2+D,
respectively. The relatively large error bars are mostly attributed
to the uncertainties in the fitting procedure of individual peaks in
the measured spectrum. The systematic errors also arise from the
uncertainty of the grid transmission, t ¼ 0:297 � 0:015 (Neau
et al. 2000). Despite the large uncertainties, it is clear that the DR
of D3S

+ occurs mostly through the three-body break-up channel
leading to the formation of DS+2D.
In several previous storage ring experiments, the same branch-

ing fractions within the experimental uncertainties have been mea-
sured for several isotopologues in DR reactions: H+

3, H2D
+, and

D2H
+ (Datz et al. 1995a, 1995b; Zhaunerchyk et al. 2008), H2O

+

and HDO+ (Jensen et al. 1999), H3O
+, HD2O

+, and D3O
+ (Neau

et al. 2000; Jensen et al. 2000). Therefore, one can assume that
branching fractions similar to those of D3S

+ should also be found
for H3S

+.
So far, only partial branching fractions have been measured

for the DR of protonated dihydrogen sulfide. The fractional
H-atomcontributions, fH,which are defined as the average number
of H atoms produced per DR event, have been determined in
an experiment combining the flowing afterglow technique with
laser-induced fluorescence and vacuumultraviolet absorption spec-
troscopy (Adams et al. 1991). Widely divergent fH values 0.19–
0.48 were obtained, depending on different precursor ions used
to produce H3S

+. In the case of D3S
+, the D atom fractional con-

tribution deduced from our measurement is fD ¼ �þ 2� þ � ¼
1:43, where �, �, and � are branching fractions for the corre-
sponding channels. A branching fraction of 60%–80% for the
channel HS+H2 can be deduced from the measured fH contribu-
tions (Rowe et al. 1995), while we report this channel as contri-
buting only 15%. Since the FALP data depend on the conditions
present in H3S

+ formation, internal energy effects are critical. It
could be the case that collisional quenching was not sufficiently
efficient in some of these FALP experiments, and this might ac-
count for the differences in results.
One of the theories devised by Bates to predict the branching

fractions for different molecules is based on consideration of the
valence bonds involved (Bates 1986). Itwas revised in 1991 (Bates
1991) to explain the experimental data of Adams et al. (1991). In
the earlier theory, the favored pathway for dissociation involved
the least rearrangement of valence bonds, pointing out the detach-
ment of a single hydrogen atom as the dominant process. However,
in 1991, experimental results rectified this original supposition
for several molecules, among others H3S

+. According to the re-
fined version, the most dominant channel would be HS+H2, with
the minor channel H2S+H, occurring with probability of 0.68 and
0.32, respectively. The dissociation channel SH+H+H was ne-
glected as occurring for electrons with an energy of about 1 eV,
i.e., at an energy for which the favorable curve crossing exists.
The channel S+H2+H was not taken at all into consideration in
that model.
A so-called statistical phase-spacemodel byGalloway&Herbst

(1991) was used to obtain the theoretical branching fractions for
DR of, e.g., H3S

+ and H3O
+, which were then compared with the

experimental results. Comparison of H3S
+ and H3O

+ was moti-
vated by the similar electronic structure of the two ions and similar
kinetic energy releases in analogous fragmentation channels in
reaction with electrons. The model predicts that the fractional
H-atom contribution can be as high as 1.28 for H3O

+ and 1.31
for H3S

+ for products that are not rotationally excited. For more
rotationally excited products, themodel predicts a lower fractional
H-atom contribution. Therefore, for the FALP data (Adams et al.

Fig. 3.—Absolute DR cross sections for D3S
+ as a function of collision en-

ergy. Filled squares show cross sections obtained by dividing the measured rate
coefficient by the detuning velocity.
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1991) with fH ¼ 0:19 0:48 in the DR of H3S
+ and fH ¼ 0:8

1:16 in the DR of H3O
+ Herbst’s model suggests high and mod-

erate rotational excitation of the products, respectively. In view
of recent storage ring experiments, the fH reported for the DR of
H3O

+ are 1.56 at CRYRING (Neau et al. 2000) and 1.463 at
ASTRID (Jensen et al. 2000), while in the DR of D3S

+ we report
fD ¼ 1:43. These results agree well with the prediction of phase-
space theory under the assumption of minimal rotational excita-
tion in the neutral products (Galloway & Herbst 1991).

5. CHEMICAL MODEL CALCULATIONS

5.1. Previous Models

In the paper by Roberts et al. (2004), a gas-phase plus accre-
tion chemical model of interstellar deuterium chemistry was used
with two different reaction networks, theRATE99model (Le Teuff
et al. 2000) and the NSM model (Herbst 2003). The agreement
between the two models for molecular D/H ratios was generally
good, but not for D2S. The difference was caused by different
branching fractions for the DR of H3S

+ and its isotopologues in
the two networks, giving a smallerD2S/H2S ratiowith theRATE99
model than with the NSM model. The adopted branching frac-
tions for H2S production from the DR of H3S

+ in the RATE99
and the NSMmodels were 50% and 75%, respectively, although
the latest version of the NSMmodel also uses 50% (Herbst 2007).

The observed HDS/H2S and D2S/HDS ratios of 0.1 (van
Dishoeck et al. 1995; Vastel et al. 2003) indicate that the frac-
tional abundances of H 2S and HDS are on the order of 10�9

and 10�10, whereas model calculations yield H2S/H2 � 10�11

(Roberts et al. 2004). The abundances of saturated species, such
as methanol and hydrogen sulfide, predicted by low-temperature
ion-molecule chemistry are typically lower than the abundances
observed toward star-forming regions. In contrast, the observed
deuterium fractionation in these species (particularly toward low-
mass protostars) is higher than gas-phase models predict (Parise
et al. 2002, 2004; Vastel et al. 2003). Due to the inefficient for-
mation ofH2S in the gas-phase and the high observed fractionation,
Vastel et al. concluded that H2S, HDS, and D2S must be efficiently
formed on the grain surfaces during the cold, dense, pre-protostellar
phase. Chemicalmodels of deuterium fractionation in the gas phase
(Roberts et al. 2003) require high densities (�106 cm�3) and
significant depletion of CO and O onto grains to achieve the high
initial D/H ratio of >0.1 needed to reproduce the hydrogen sul-
fide fractionation, as well as other recent observations of deu-
terated methanol and formaldehyde (Parise et al. 2002, 2004).

Marcelino et al. (2005) observed deuterated thioformaldehyde
toward the dark cloud Barnard 1, with a D2CS/HDCS ratio of
0.33, and constructed gas-phase models which could reproduce
their observations. These models included possible fractionation
reactions involving H2CS

+, H3CS
+, and H3S

+ with HD, together
with the assumption that in DR reactions the removal of H atoms
was twice as efficient as that of D atoms. The calculated fractional
abundance of hydrogen sulfidewas noted to be between 4 ; 10�10

and 10�9, significantly higher than the results from the NSM and
RATE99models above, and in reasonable agreement with the val-
ues found byVastel et al. (2003). This is primarily due to the high
elemental sulfur abundance used, S/H2 ¼ 3:7 ; 10�7. The frac-
tion of sulfur depleted onto grains in dark clouds vs. that avail-
able for reactions in the gas-phase is largely unknown, but the
NSMandRATE99models typically assume S/H � 10�8 10�7.

5.2. Gas-Phase Chemistry

Wehave investigated the effect of the latest experimental mea-
surements on the sulfur chemistry of dark clouds, using time-

dependent gas-phase chemical kinetic models. The standard dark
cloud conditions were used: T ¼ 10 K, n(H) ¼ 2 ; 104 cm�3,
and Av ¼ 10 mag. The calculated fractional abundances of rep-
resentative sulfur-containing species are modeled for a cloud age
of 5 ; 105 yr. Three different models were used. Model 1 was
calculated using the UMIST RATE06 dipole-enhanced database
(Woodall et al. 2007) with an initial abundance of sulfur 2 ;
10�8 with respect to H. In model 2 the new branching fractions
and rates reported here for the DR of H3S

+were included.Model
3 had an increased S abundance of 8 ; 10�8, as used by Smith
et al. (2004). In the latter model we also included a higher degree
of fragmentation in the DR of some important ions (see Table 1),
for which the branching fractions have not been measured. This
is suggested by the general observation from storage ring studies
that the DR reaction usually leads to a high degree of fragmen-
tation, as in the case of C2D

þ
5 , where even four-body break-up

was observed (Geppert et al. 2004). Indeed, this propensity for
three-body break-up has been observed for several triatomic ions
studied at CRYRING (e.g., Larsson & Thomas 2001). The frag-
mentation of H3CS

+ is taken to be similar to that reported for the
DR of H3CO

+, where the C�O bond was preserved in most of
the cases (Hamberg et al. 2007), and the branching fractions in the
DR of HSO+ were taken from those reported for HCO+. Despite
the fact that the channelsH+S+Oand S+OHare both energetically
allowed, we included only the first, because the channel S+OH
requires a large rearrangement of the molecule. Finally, the rate
for the reaction Hþ

3 þ CS ! HCSþ þ H2 was increased to 5:7 ;
10�9(T /300)�0:6 cm3 s�1 according to calculations by Adams
et al. (1985).

The results of the model calculations for selected sulfur-bear-
ing species are presented in Table 2. For comparison, the first col-
umn contains the fractional abundances observed toward TMC-1
(Smith et al. 2004). The agreement of model 3 and the observa-
tions is satisfactory, although the discrepancies for H2S andHCS

+

are still striking, with the calculated fractional abundances for
HCS+ being a factor of 100 lower than observations. No im-
provement is achieved for the HCS+/CS ratio, which is�0.001
(for discussion see, e.g., Montaigne et al. 2005). The predicted
abundances for SO and SO2 agree well for models 1 and 2, while
model 3 has problems reproducing these abundances at the same
time: SO is overproduced by a factor of 4, and the SO2 abundance
is a factor of 5 lower than observed. In contrast, the fractional
abundances of H2CS, CS, OCS, C 2S, and C3S are reproduced
well by gas-phase reactions.

The improved agreement for H2S in model 3 is primarily due
to the higher elemental sulfur abundance adopted in this model.
In theory, we could increase the sulfur abundance even more to

TABLE 1

Adopted Rate Coefficients �¼ a(T /300)b for DR Reactions

Reaction

a

(cm3 s�1) b

H3CS
+ + e� ! CS + H2 + H ........... 2(�7) �0.5

H3CS
+ + e� ! H2CS + H ................ 2(�7) �0.5

H3CS
+ + e� ! HCS + 2H................ 1(�7) �0.5

H3CS
+ + e� ! HCS + H2 ................ 5(�8) �0.5

H3CS
+ + e� ! CH2 + HS ................ 4(�8) �0.5

H3CS
+ + e� ! CH + H2S ................ 1(�8) �0.5

HSO+ + e� ! H + SO ..................... 1(�7) �0.5

HSO+ + e� ! HS + O ..................... 5(�8) �0.5

HSO+ + e� ! H + O + S................. 5(�8) �0.5

Note.—We use A(�B) notation for A ; 10�B.
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reproduce the observations of H2S and HCS+, but then the abun-
dances of the other sulfur-bearing species would no longer agree.
We must therefore look to another mechanism for the formation
of H2S. As discussed above, it has long been postulated that the
enhanced abundances of H2S seen in warmer gas around pro-
tostars is due to grain surface formation followed by evaporation
(e.g., Hatchell et al. 1999; Vastel et al. 2003). The laboratory re-
sults and model predictions above provide strong evidence that
gas-grain interactions are also important in dark clouds at 10 K.

5.3. Deuterium Chemistry and Gas-Grain Interactions

We have therefore considered the effect of these new branch-
ing fractions on models that include deuterium chemistry and
interaction with the dust grains. The model described in Roberts
et al. (2004) has been updated with rate coefficients fromRATE06
and extended to include reactions of species on grain surfaces (via
the ‘‘modified rate equation’’ method; see Caselli et al. 1998).
Note that, in contrast to the models presented by Marcelino et al.
(2005), we assume statistical branching fractions for the DR re-
actions of deuterated molecular ions unless there is experimental
evidence to the contrary. Furthermore, only the fractionation
reactions listed in Roberts et al. (2004) are included, so there is
no direct fractionation of the H3CS

+ and H3S
+ ions. For compar-

ison with the purely gas-phase models above, a constant temper-
ature of 10 K is adopted, and a H2 density of 10

4 cm�3. The only
mechanism included to return frozen species to the gas-phase is
thermal desorption, and this process is ineffective at 10 K (except
for H, D, and He).

Three models have been run, analogous to models 1–3 above
and labeled 1a, 2a, and 3a. Results at 2:5 ; 105 yr are shown in
Table 3, although it is difficult to find one time of best agreement;
the SO and SO2 abundances only begin to rise after �105 yr,
when the abundances of most other species are falling. Figures 4
and 5 show the evolution of fractional abundances andmolecular
D/H ratios over time for models 2a and 3a.

Comparing model 2a to Model 1a shows the effect of includ-
ing the new branching fractions for the H3S

+ recombination. As
expected, this reduces the D2S/H2S ratio and the H2S abundance
in the gas phase. In model 3a, the gas-phase H2S abundance has
recovered somewhat, but it is still lower than that observed toward
TMC-1. The deuterium fractionation in model 3a is very similar
to model 2a. As Figures 4 and 5 show, the fractionation of HDS
in the gas phase does become very high (0.1) at�106 yr, which is
due to the freeze-out of CO (discussed above), but this is a short-
lived effect, and the absolute abundances of HDS and H2S are or-
ders of magnitude lower than observed.

In all models, however, significant quantities of H2S, HDS,
and D2S are synthesized on the grain surfaces via H addition to
S atoms (see Figs. 4 and 5). The HDS/H2S and D2S/H 2S ra-
tios on the grain surfaces are less affected by the rate coefficients/
branching fractions used in the gas-phase sulfur chemistry, since
they depend on the atomic D/H ratio. This reaches 0.1 at�106 yr,
which is not quite high enough to reproduce the observations of
HDS and D 2S toward protostellar sources, but previous model-
ing work (e.g., Roberts et al. 2003, 2004) has shown that higher
densities (�106 cm�3) further enhance deuterium fractionation,
particularly for Hþ

3 and atomic H.
The overall agreement of model 3a with observations is sim-

ilar to the gas-phase model 3. The HDCS/H2CS ratio of 0.02 and
H2CS abundance of 7 ; 10�10, seen toward TMC-1 (Minowa
et al. 1997 ), are reproduced by all models for times between
�2 ; 104 and 105 yr. To date, D2CS has been detected toward
one source, Barnard 1 (Marcelino et al. 2005); the observed
D2CS/H2CS ratio is�0.1, and the HDCS/H2CS ratio is 0.3. This
fractionation is higher than predicted by the models either in the
gas phase or on the grain surfaces.
At present, there is no mechanism in these models to return

the H 2S (and other species) synthesized on the grains to the gas
phase. Several nonthermal desorptionmechanisms have been pos-
tulated, however (see e.g., Willacy & Millar 1998; Garrod et al.
2007; Roberts et al. 2007), which could be important in dark
clouds. Based on Figure 5, only�0.5% of the H2S formed on the
grain surface would have to be returned to the gas phase in order
to reproduce the abundance observed toward TMC-1.

6. CONCLUSIONS

In the DR of H3S
+, the main production channel leads to the

formation of HS+2H, whereas H2S+H is only a minor pathway.
A similar result was reported for the analogous channels in the
DR of H3O

+ (Neau et al. 2000). The overall value for the reac-
tion rate coefficient, 2:8 ; 10�7 at 300 K, is reasonable for small,
hydrogenatedmolecular ions.Model calculations of the dark cloud
TMC-1, using the UMIST code incorporating these new results,
deliver a good agreement with observations for many also deu-
terated interstellar sulfur compounds.However, large discrepancies
are found for, e.g., H2S and HCS+, which are grossly under-
estimated in both gas-phase and gas-grainmodels.Whereasmodels

TABLE 3

Fractional Abundances and D/H Ratios for Models Including Deuterium

Chemistry and Dust

Species TMC-1 Model 1a Model 2a Model 3a

H2S ................................ 5(�10) 6.7(�11) 1.2(�12) 2.2(�11)

H2CS ............................. 7(�10) 1.6(�11) 1.9(�12) 4.2(�10)

HCS+ ............................. 4(�10) 1.1(�13) 6.8(�13) 2.5(�12)

CS.................................. 4(�09) 4.8(�11) 6.9(�10) 1.5(�9)

SO ................................. 2(�09) 1.9(�09) 1.2(�9) 3.5(�9)

OCS............................... 2(�09) 3.4(�11) 1.6(�10) 1.7(�9)

SO2 ................................ 1(�09) 4.8(�10) 1.2(�10) 3.8(�10)

C2S ................................ 8(�09) 2.3(�11) 7.4(�10) 2.9(�9)

C3S ................................ 1(�09) 2.3(�11) 3.3(�10) 1.3(�9)

HDS/H2S....................... 0.2 0.04 0.05

D2S/H2S ........................ 0.007 0.0001 0.0004

HDCS/H2CS.................. 0.02 0.04 0.05 0.05

D2CS/H2CS ................... 0.0003 0.0006 0.0006

Note.—Calculated fractional abundances of sulfur-bearing compounds and
molecular D/H ratios for the models including deuterium chemistry and inter-
action with dust grains; T ¼ 10 K, n(H2 ) = 104 cm�3, time step = 2:5 ; 105 yr.
We use A(�B) notation for A ; 10�B.

TABLE 2

Fractional Abundances of Sulfur-bearing Compounds

Species TMC-1 Model 1 Model 2 Model 3

H2S ........................... 5(�10) 1.3(�11) 4.0(�12) 1.7(�11)

H2CS ........................ 7(�10) 3.2(�10) 3.2(�10) 7.4(�10)

HCS+ ........................ 4(�10) 8.1(�13) 8.1(�13) 3.0(�12)

CS............................. 4(�09) 1.5(�09) 1.5(�09) 3.5(�09)

SO ............................ 2(�09) 3.2(�09) 3.2(�09) 9.1(�09)

OCS.......................... 2(�09) 5.3(�10) 5.3(�10) 2.4(�09)

SO2 ........................... 1(�09) 6.2(�10) 6.2(�10) 1.8(�10)

C2S ........................... 8(�09) 1.4(�09) 1.4(�09) 5.7(�09)

C3S ........................... 1(�09) 5.2(�10) 5.2(�10) 2.1(�09)

Note.—Calculated fractional abundances of representative sulfur-bearing com-
pounds with respect to H2 at 5 ; 10

5 yr, comparedwith observed values for TMC-1
for the gas-phase dark cloud model. We use A(�B) notation for A ; 10�B.

KAMIŃSKA ET AL.1722



Fig. 4.—Results for model calculations including deuterium chemistry and interaction with dust grains, showingmodel 2a fractional abundances (left) andmolecular
D/H ratios (right). Prefix G indicates surface species. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 5.—Results for model calculations including deuterium chemistry and interaction with dust grains, showingmodel 3a fractional abundances (left) andmolecular
D/H ratios (right). Prefix G indicates surface species. [See the electronic edition of the Journal for a color version of this figure.]



incorporating grain surface reactions produce a large quantity on
these surfaces, at the low temperatures encountered in dark clouds,
the desorption mechanisms used in the model are inefficient in
transferring the species to the gas phase once they are formed.
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APPENDIX

TD3S
þ ¼

t(1� t)L�
� 2t(1� t)2 0 t(1� t)2L�

�

0 t2(1� t) t(1� t)L�
� t(1� t)2L�

� þ t(1� t)L�

0 0 0 t2(1� t)L�
�

0 0 0 t(1� t)2L�
� þ t(1� t)L�

0 t(1� t)2 t(1� t)L�
� þ tL� t2(1� t)L�

�

t(1� t)L�
� þ tL� 2t2(1� t) 0 t2(1� t)L�

� þ t2L�

t2L�
� t3 t2L�

� t3L�
�

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

ðA1Þ

where L�
� ¼ 1� L� , L

�
� ¼ 1� L� , and L�

� ¼ 1� L� .
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