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Theoretical H2 O-H2 pressure broadening and line shifts are compared with experimental values for three water
rotational transitions. These transitions, which occur at terahertz frequencies, are primary radiant coolants for
collapsing interstellar clouds that contain water. They are observed by the submillimeter/FIR Herschel space
observatory. Systematic effects in previous pressure-broadening measurements that were due to ortho-hydrogen
to para-hydrogen conversion have been overcome, and the present results follow the expected behavior predicted
by collision theory. The systemic error, discovered through comparisons between theory and experiments, is due
to conversion of ortho hydrogen to para hydrogen by water ice below 40 K. This process occurs on a time scale
very short compared to astrophysical processes and may be pertinent to ice-grain interactions in the interstellar
medium.
DOI: 10.1103/PhysRevA.86.022705
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I. INTRODUCTION

II. EXPERIMENT

Determining the relative density of water in its various
isotopic forms with respect to molecular hydrogen in interstellar matter depends crucially on the quenching rate of
the rotational levels of water by molecular hydrogen [1].
These quenching rates vary considerably with the spin state
of H2 . Quenching rates of H2 O by para H2 (pH2 ) with
angular momentum restricted to j = 0 are often 1 order
of magnitude less effective than quenching by H2 with
angular momentum j > 0 and, in particular, by ortho H2
(oH2 ) (j = 1) [2,3]. The goal of this effort is to precisely
measure the respective roles of j = 0 and j > 0 molecular
hydrogen in the quenching and line-broadening processes
by means of a careful experimental setup and comparison
with a large-scale theoretical simulation. We monitor the
pressure-broadening and pressure-shift cross sections while
controlling the spin state of H2 , which alternates between
para Itot = IH + IH = 0 and ortho Itot = 1 with rotational
angular momenta j = 0,1,2, . . . . We set up a comparison
between theoretical predictions and experimental observations
for the main terahertz (THz) transitions of both ortho and
para H2 16 O water, which are observed by the Herschel space
observatory [4].
In this more detailed and carefully designed theoretical and
experimental version, we will put special emphasis on the role
of the spin conversion of H2 , from oH2 , to pH2 . This topic
has been experimentally studied in some recent papers, with
discussion emphasizing the role of O2 impurities in amorphous
water [5–7]. The oH2 to pH2 abundance ratio (OPR) of nascent
H2 on amorphous water has been measured at temperatures of
importance for astrophysics [8]. All these papers, alongside
many astrophysical models [9,10], strongly emphasize the
necessity for modeling of the oH2 to pH2 conversion. The
interplay of careful spectroscopic experiments and theoretical
quantum computation provides new aspects on the H2 -H2 O
interaction.
This paper is organized as follows: We describe in detail
the experimental setup and results (Sec. II), the theoretical
computations (Sec. III), and we ﬁnish with a discussion and
conclusion (Sec. IV).

Measuring the evolution of pressure broadening of water
(or CO) by collisional cooling [11–13] with the ambient gas
H2 at a lower temperature reproduces reasonably well the
conditions prevailing in many interstellar gases. A cryogenic
gas apparatus designed for the injection of condensable gases
and subsequent cooling of the injected gas to the bath
temperature is utilized to measure spectroscopic properties
of gases below their gas condensation temperatures. While
the buffer gas pressure remains constant, the ﬂowing gas
condenses on the cell walls and is probed spectroscopically
during its random walk through the buffer gas.
Previous measurements on hydrogen buffer gases exhibited
strong departures from predicted collisional broadening at the
lowest temperatures measured. Furthermore, a systematic bias
in the gas temperature (compared to the cell temperature)
was identiﬁed for the water-broadening dataset [13]. The
systematic temperature bias was hypothesized to be due to
direct heating of the gas by the warm injector needle, which
must be maintained above 300 K for continuous water ﬂow.
In the previous paper, this injector protruded 3 cm into the
buffer gas to reach an area 1 cm above the radiation path.
For the present paper, a shroud was built to extend the cold
cell walls down around the injector, leaving only 1 mm of
hot metal inside the cold gas. Doppler width measurements
of the 556-GHz water absorption feature conﬁrmed a 1:1
correspondence of the gas and cell temperatures over the
entire range of cell temperatures (20–250 K). Therefore, in
the present paper, the cell temperature is taken as the gas
temperature.
Krupnov [14] suggested the previously observed temperature dependence of the water-hydrogen broadening [13] may
be due to preferential adsorption (cf. Ref. [15]) of the oH2
component of the buffer gas into the amorphous water ice that
forms continuously on the apparatus walls. This implies that
the OPR may not be stable during the experiment and might
explain the observed reductions in broadening since pH2 is a
much weaker broadening gas. With no magnetic materials in
the cell, the prior paper had assumed the OPR to be stable at
the normal hydrogen (nH2 ) value of 3.
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in the amorphous water ice, and the OPR changes slightly.
Typically, the pressure reading stabilized at a value 1%–10%
lower than the initial pressure. Immediately after this step,
the pressure was reduced to the desired pressure for the
measurement. The pressure broadening was then measured
by repeating this process for different pressures. Unlike the
data above 28 K, this procedure precludes the OPC stability
test and must be considered a lower bound since the OPR may
indeed be smaller than 3.
Before describing the new results in detail, it is pertinent to
describe the physics of the gas-ice interaction elucidated by the
new procedure through comparison with the older data taken
in an icy system. Figure 1 shows data from Dick et al. [13]
(plotted vs Tcell ) as gray triangles which had been assumed to
have OPR = 3. Clearly the new data, which are believed to
have OPRs of 3 (black circles) and 0 (green triangles), bracket
the former dataset, which straddles the two OPR extremes at
high and low temperatures. The solid black line is calculated as
a H2 O-H2 pressure-broadening cross section for thermalized
H2 , using the experimental parameters reported later that ﬁt
our new data. If the system contained sufﬁcient amounts of
a fast ortho-to-para converter, one would expect the data to
always follow the thermalized H2 value (black line). Even
though our new procedure demonstrates that the ice content is
variable across the range for efﬁcient conversion, they do not
indicate strict adherence to efﬁcient thermal conversion (notice
the deviation between the gray data points and the black line).
The new results do indicate that data reported in Dick et al. [13]
were affected by the interaction with the large amounts of
high-density amorphous ice in the system. Unfortunately,
there are several temperature-dependent processes occurring
in the system (1) OPC, (2) an amorphous water-ice phase
change, and (3) H2 adsorption. Amorphous water ice is in
a low-density form above 68 K, below 68 K, it slowly
transitions to a high-density form. Below 38 K, it is completely
the high-density amorphous water ice [18]. Since all of
the hydrogen adsorption and desorption studies have been
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To test Krupnov’s hypothesis, experiments were performed
with a variety of new conditions. First, a pH2 generator was
built, and broadening measurements for both nH2 and pH2
were performed across the temperature range, utilizing the
same procedures as before. The results for nH2 above 40 K
were entirely consistent with previous papers. However, upon
closer examination, below 40 K, evidence of ortho-to-para
conversion (OPC) of hydrogen became apparent. This is
not entirely unexpected since water ice has been shown,
at lower temperatures, to adsorb molecular hydrogen (not
necessarily preferentially) and (internally) to convert the
H2 to the j = 0 (para) rotational level [16,17]. However, at
these temperatures, temperature programed desorption (rather
than thermal balance) was required to return the converted
hydrogen to the gas phase. Also very recent experiments,
available just after our previous series of experiments, conﬁrm
the OPC at 15 K (this paper also suggests that nascent
molecular hydrogen, formed by recombination of H atoms
in amorphous water ice, is initially statistical with an OPR
of 3) [8]. Furthermore, below 28 K, preferential adsorption
(as suggested by Krupnov) was also observable. Both effects
were highly dependent on the water ﬂow rate as well as the
amount of time water had ﬂowed (i.e., the ice deposition
rate and ice thickness). The effects of these two processes
were discerned from time-dependent differences in the
water-hydrogen broadening as well as time dependence of the
system pressure. With rapid water ﬂow rates, the hydrogen
gas pressure was observed to decrease linearly with time
at temperatures below 28 K, and this was accompanied by
an exponential decay of the pressure-broadened linewidth,
which asymptotically approached values slightly higher than
measured in puriﬁed pH2 . This OPC thermalization was slow,
occurring on time scales of minutes, however, the initial OPR
change, upon injection of nH2 was rapid, presumably because
the preferential adsorption proceeds rapidly in the ice that has
been under vacuum, and further adsorption occurs more slowly
at a rate proportional to the ﬂow rate as fresh ice is collected.
Improvements in the optics for the THz beam enabled
detection of the water absorptions at smaller concentrations
than in previous papers. This enabled slower ﬂow rates to
be employed, ﬂow rates which resulted in much thinner
ice. Furthermore, the system was regularly warmed to room
temperature and was evacuated until low water vapor pressures
were attained (cleaned). The reduced ﬂow and minimal
ice layer slowed the OPC rates (to hours), and the OPR
could be stabilized at or near the nH2 value. However, the
preferential adsorption still occurred (to varying degrees) upon
introduction of nH2 to the system. To verify stability of the
OPR, measurements were performed through successive additions of nH2 , followed by measurements performed between
extractions of the same buffer gas in similar steps. The nH2
(OPR = 3) measurements above 28 K were considered viable
for the present dataset only if these two measurements agreed
within the experimental precision. If the pressure broadening
between the two series was different, the system was cleaned
prior to any further measurements.
At the lowest temperatures (T < 28 K), the adsorption
effect was mitigated through addition of an excess of nH2 ,
typically 2 orders of magnitude more than needed for the
measurement. This excess gas rapidly ﬁlls the available pores
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FIG. 1. (Color online) Pressure-broadening cross sections for
JKa Kc : 111 -000 water in hydrogen with uncontrolled OPR shown as
ﬁlled gray triangles [13], black circles: OPR = 3 and green diamonds:
OPR = 0.
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performed below this transition temperature, the observed
adsorption and conversion effects are attributed to the highdensity form of amorphous water ice. It is not clear whether the
low-density form has any interaction with molecular hydrogen.
All three of these phenomena occur within the temperature
range at which the OPR changes most rapidly for thermalized
molecular hydrogen in an icy environment. The only deﬁnitive
statement that can be made through comparison of the thermal
curve and previous (icy) data in Fig. 1 is that, above 40 K, the
conversion and/or adsorption processes are not efﬁcient.
The evidence for adsorption at the lowest temperatures
indicates that the residence time of the molecular hydrogen
within the ice lattice is also increased as the temperature
is lowered. Adsorption and desorption experiments have
shown that the emergent OPR of molecular hydrogen depends
strongly on residence time in the solid phase. Indeed, it is
during this time that the j = 1 hydrogen molecules may
come into close contact with large dipolar ﬁeld gradients
in the vicinity of water monomers in the lattice. With the
present dataset, it is impossible to disentangle these different
phenomena, and it certainly appears, from inspection of Fig. 1,
that the effect is not just a simple temperature-dependent
thermalization of the OPR. Temperature- and time-dependent
experiments are possible, and these may distinguish between
the preferential adsorption and the conversion mechanisms.
Despite the fascinating effects of low-temperature water ice
on molecular hydrogen, the premise put forth in Dick et al. [13]
remained open—How well do calculated collisional cross
sections reproduce the experimental pressure-broadening
data? The current effort, initiated following Krupnov’s quick
response [14] to the last experiments [13], has enabled a
new dataset that is largely free from ice contamination.
Furthermore, the new dataset is more robust, containing data
with OPRs of both 3 and 0 as well as pressure-shift cross
sections. This has enabled us to extend comparisons with
the theoretical model to higher precision and has increased
conﬁdence in both experimental and theoretical results.
Utilizing the new procedures, a dataset of three water
rotational transition pressure- broadening cross sections
σ PB (T ) and pressure-shift cross sections δ PS (T ) for both nH2
and pH2 has been collected in the temperature range of
20–250 K. The experimental values of pressure broadening
and pressure shifts for pH2 and nH2 were determined via linear
regression of the pressure-dependent differential linewidth
or differential line-shift measurements determined from a
deconvolution method [19] utilizing pairs of separate spectral
scans. The natural spectral units (MHz/Torr) of the linewidth
2
and line shift were converted to the units of cross sections (Å )
via

(1)
φ(T ) = 0.447 T /μν/p,
where ν is the Lorentzian half width at half maximum [for
φ(T ) = σ PB (T )] or frequency shift [for φ(T ) = δ PS (T )].
III. THEORY

In response to the concerns raised by the previous measurements [13], we have re-calculated the pressure-broadening
cross sections utilizing the best available potential-energy
surfaces (PESs) for H2 O-H2 [20,21]. These previous papers
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reported broadening cross sections for two fundamental
rotational transitions (levels of H2 O are usually denoted as
JKa Kc ): 000 -111 (para H2 O) and 101 -110 (ortho H2 O). Here,
we extend this effort, both to include the transition 111 -202
and to include pressure-shift computations. To the best of the
authors knowledge, this is the ﬁrst computation of pressure
shifts and comparisons with experiments, for a system of such
a low symmetry [22]. Let us recall the pressure-broadening and
ordinary cross-sectional formulas as put forward in Ref. [21].
J is the partial-wave total angular momentum, j1 , τ1 are
the water asymmetric rotor quantum numbers, j is the H2
rotational quantum number, and α represents all collision
speciﬁc angular quantum numbers (recoupling and orbital
angular momenta) with unprimed quantities before collision
and primed quantities after collision,
φ PB (j1 τ1 j  ← j1 τ1 j ; E)

π
1
= 2
X(J,J  ,j1 ,j1 ,j,j  ,α,ᾱ,α  ,ᾱ  )
k 2j + 1 J J  αα ᾱα


× j1 τ1 j α|TJ (E)|j1 τ1 j ᾱj1 τ1 j  α  |TJ (E  )|j1 τ1 j  ᾱ   ,
(2)
and
σ (j1 τ1 j  ← j1 τ1 j ; E) =


1
π
(2J + 1)
2
k (2j1 + 1)(2j + 1) J αα
× |j1 τ1 j  α  |TJ (Et )|j1 τ1 j α|2 . (3)

In Eqs. (2) and (3), TJ (E) = 1 − SJ (E) is the transition matrix
at partial-wave total angular momentum J . The X(·) function
groups all angular coupling coefﬁcients and parity terms.
Et , E, and E  are the total energies, corresponding to the
kinetic energy (h̄k)2 /2μ, μ being the collision reduced mass,
and h̄k being the momentum. Note that, for φ PB , the T-matrix
elements are for elastic-scattering amplitudes, whereas, for
inelastic scattering, the matrix elements are inelastic-scattering
amplitudes.
The real part of φ PB yields σ PB , the pressure-broadening
cross section. It is related to the total inelastic cross sections
(summed over all initial and ﬁnal states) and to a difference of
elastic amplitudes by means of the optical theorem [23]. The
imaginary part δ PS , the pressure shift, cannot be simpliﬁed.
Its computation is particularly sensitive to all details of both
the PES and the convergence of the sum in Eq. (2). Indeed,
it originates from a difference in the accumulated phase of
the scattering amplitudes in the two elastic channels. Its
computation is very time consuming, and reliability is not
easily reached. Note also that it can be positive or negative,
depending on the sign of the phase differences.
Those formulas have been used by summing the S-matrix
elements provided by the quantum computations, performed
by the MOLSCAT scattering code [24]. The MOLSCAT code was
executed on the large clusters of the CIMENT Network [25],
with 6 to 12 cores in parallel, thanks to the OpenMP recoding
of MOLSCAT [24].
Energy of the levels were taken at Erot = 23.799 48 (101 ),
37.153 84 (111 ), 42.402 40 (110 ), and 70.132 88 (202 ) cm−1 .
For a given collision relative kinetic energy Ek , the pressurebroadening cross sections σ PB (Ek ) and the pressure-shift
cross sections δ PS (Ek ) are determined. For the temperature
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dependence of these quantities, calculation of the Maxwellian
distribution of collision energies for each temperature must
utilize a large enough basis to follow all the resonances.
This basis contains ﬁner energy steps Ek =
0.2 up to 0.5 cm−1 for Ek  200 cm−1 and results in higher
precision for the temperature-dependent cross sections. Also,
we did not rely on the convergence of the usual σinelastic (Ek )
to stop the summation in partial waves. Rather, we imposed
angular momentum of water J to go up to J = 8 up to Ek =
80 cm−1 and J = 10 afterwards. Also, we summed partial
waves up to J total = 55 by imposing very strict convergence
of the σelastic at the level of less than 1%. We checked that
values converged for both pressure broadening and pressure
shifts. The basis set was capped at Erot (H2 O) < 1500 cm−1
for all transitions. The pH2 basis set was taken at j = 0,2
throughout the computation. Results of any close-coupling
computations involving pH2 have been shown repeatedly
to crucially need that the j = 2 pH2 levels be included in
the basis [21,26,27]. All included, for each Ek , ten separate
runs of close-coupling calculations were performed since the
pressure-broadening and pressure-shift computations rely on
S matrices taken at the same kinetic energy for all different
channels involved, including those with varying j (H2 ).
IV. RESULTS AND DISCUSSION

Pressure broadening, pressure shift, and elastic and inelastic
cross sections are each given as a function of Ek in Fig. 2.
The scale of energy is the collision (kinetic) energy, hence, it
is different for each of the cross sections depicted. Pressure
broadening and pressure shifts, averaged over a Maxwellian
distribution of Ek at temperatures 20 K  T  250 K are
given in Fig. 3 for comparison with experimental values.
The usual resonance pattern is present for the σ (Ek ), and is
particularly prominent for collisions with pH2 , both for elastic
and inelastic scatterings as well as for pressure broadening
and pressure shifts. Resonances are much less present for
collisions with oH2 as has been noticed previously because
of the interference of many partial waves at varying total
angular momentum J for one single partial wave. However,
the detailed resonance structures of σ (Ek ) and of σ PB (Ek )
are not fully parallel (even if they are computed from exactly
the same set of S matrices). We may relate that to the very
structure of the sections: The kinetic energies being the same
for the incoming (say 111 ) and outgoing (say 202 ) waves,
the total energy is different for the two T-matrix brackets
composing the pressure-broadening scattering probability, one
being equal to Et in Eq. (3) and the other not.
The magnitudes of the elastic and inelastic cross sections
show that neither of the two contributions to σ PB (Ek ), the
inelastic nor the interference of elastic amplitudes [23], could
be neglected, at least, in the resonance region. The complex
detailed resonance structure of δ PS (Ek ) for both oH2 and pH2
collisions underlines even more the necessity of very precise
computation of the scattering amplitudes that interfere to give
rise to the effects calculated here.
For each water transition, over 40 experimental data points
(see symbols Fig. 3) or 30 theoretical data points were
utilized in least-squares analyses to determine coefﬁcients
of the power-law expressions in Eq. (4), see Supplemental

FIG. 2. (Color online) Upper three panels: cross sections, computed for the para-H2 O transition 111 -202 and lower three panels: the
ortho-H2 O transition 101 -110 . All panels: black lines: collision with
oH2 , j,j  = 1; green lines: collisions with pH2 , j,j  = 0. Panels (a),
upper two sections: elastic 111 or 101 and inelastic excitation cross
sections. Panels (b), pressure-broadening cross sections. Panels (c),
pressure-shift cross sections.

Material [28]. Two parameters for each state are considered, a
reference value [φ0 = σ0PB (j ) or δ0PS (j )] at a given temperature
and a temperature exponent. The reference temperature was
chosen at T0 = 20 K,

φ(T ) =
fj φ0 (T /T0 )nj .
(4)
j =0,1,2

The coefﬁcient fj represents the fractional state population for
hydrogen. For theoretical data models, this value was ﬁxed to
unity for the calculated hydrogen colliding state and zero for all
other states. For the experimental data and for the theoretical
curves plotted in Fig. 3, the fractions are f1 = 0.75 for nH2 or
f1 = 0 for pH2 (the f3 component of nH2 is negligible for this
temperature range and precision), and f0 and f2 fractions were
calculated at each temperature utilizing Boltzmann statistics.
Although a minor fraction, the j = 2 rotational state
contributes to broadening parameters above 100 K. Without
j = 2, the nH2 and pH2 experimental datasets would be
independent, and j = 1 parameters could be calculated from
ﬁtting of the nH2 and pH2 data directly to effective power
laws. However, the non-negligible fraction of j = 2 in nH2
would introduce systematic errors, such as an underestimation
of the j = 1 temperature dependence. Furthermore, some
independent information on the broadening of j = 2 is clearly
present in the puriﬁed pH2 dataset, which shows minima
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T (K)


JKa
 Kc
-JKaKc

10

50

100 150 200
T (K)

50

101 -110 a

100 150 200
T (K)

111 -000 a
202 -111 a

σ PB (T )-H2
(j = 0)
21.6
16.9(2)
4.82
8.5(8)
12.52
14.9(5)

(T /20)−0.56
(T /20)−0.30(3)
(T /20)−0.269
(T /20)+0.13(8)
(T /20)−0.202
(T /20)−0.20(3)

σ PB (T )-H2
(j = 1)
125.6
110.1(13)
84.5
80(2)
144.3
99(2)

(T /20)−0.464
(T /20)−0.36(1)
(T /20)−0.404
(T /20)−0.24(2)
(T /20)−0.490
(T /20)−0.35(1)

a
The variable n2 was ﬁxed to the corresponding value of n1 for each
transition. Values for σ0PB (j = 2) determined from the experimental
data are 138(10), 84(8), and 114(5) for the 101 -110 , 111 -000 , and
202 -111 transitions, respectively.

FIG. 3. (Color online) Upper panels: pressure broadening and
lower panels: pressure shifts as a function of temperature for
the indicated transitions. Lines, theory [via Eq. (1)]. Symbols:
experiment. Green lines and diamond symbols: pH2 . Black lines and
circular symbols: nH2 . See text for details. Note the different y scales
for the various panels.

near 75 K—curvature that cannot be addressed with a single
power law. The thermalized state populations for the j = 0, 2
levels enable these minima to be described by two separate
monotonic decreasing functions. We observed that the powerlaw parameter n2 of the j = 2 level was generally correlated
with the n1 parameter and only marginally improved the ﬁt
statistics. Furthermore, the values could be ﬁxed to the j = 1
values without changing the j = 1 values signiﬁcantly, so this
was performed for the ﬁts. Both values of the shift power-law
expression for j = 2 were similarly ﬁxed to j = 1 values.
The resulting expressions are given in Table I for the
pressure-broadening cross sections and in Table II for
the pressure-shift cross sections. These expressions (and the
Boltzmann statistics for j = 0,1,2,3 H2 ) were utilized for
the calculation of the thermalized hydrogen curve in Fig. 1.
Values obtained for j = 0 were consistent with values
obtained from direct analysis of the pH2 data below 75 K,
and values obtained for j = 1,2 were consistent with a j = 1
value derived from that value and an aggregate value from a
direct ﬁt of the nH2 data.
We display theoretical curves calculated under experimental conditions (Fig. 3) as well as the modeled power-law
expressions in the j = 0, 1, 2 basis (Tables I and II) for
comparison. For pH2 , the black solid line is for pH2 , j = 0,
(but with the full j = 0,2 basis). The dashed-dotted line is
constructed by adding a contribution from pH2 , j = 2. Since
computational burden prevented a full calculation, the j = 2

contribution was extrapolated from the σinelastic values’ ratios
in that range of energies. We implicitly assume thereby that,
at the higher energies, the σ PB is dominated by the inelastic
behavior. Similar numbers would be computed if we assumed
PB
σjPB
=1 (E) ∼ σj =2 (E).
Both experimental and theoretical cross-sectional data have
several general features: (1) The high-temperature values for
the three different water transitions all converge to similar values for nH2 and pH2 separately, (2) at the lowest temperatures,
for pH2 , the cross section of the 111 -000 (the pH2 O ground
state) transition departs from the other two transitions, and
(3) at the lowest temperatures, for nH2 , all three transitions
exhibit unique behavior, with the pH2 O ground state having
the smallest cross section.
For the two transitions 111 -202 and 101 -110 , the agreement
between experiment and theory for the pressure broadenings
and pressure-shift cross sections is outstanding (within 30%
nearly everywhere), both in interaction with j = 0 and j = 1.
Less favorable agreement is found for j = 0 collisions and
the 000 -111 transition (40%–80%). The j = 1 interaction
TABLE II. Theoretical and experimental pressure-shift cross
sections of normal and para hydrogen with water. Expressions are
2
given for units of Å . Theoretical values are ﬁtted to calculated
values between 20 and 82 K. The shaded rows contain values ﬁtted
to experimental data, and unshaded rows are values ﬁtted to the
theoretical data.

JKa
 Kc
-JKaKc

101 -110 a
111 -000 a
202 -111 a

δ PS (T )-H2
(j = 0)
1.86
−0.09(5)
2.09
4.8(2)
−6.44
−10.9(8)

(T /20)−0.27
(T /20)+0.3(4)
(T /20)−0.73
(T /20)−0.69(5)
(T /20)−0.35
(T /20)−0.91(6)

δ PS (T )-H2
(j = 1)
18.7
11.0(3)
−6.49
−25.3(13)
−4.71
−7.4(70)

(T /20)−0.83
(T /20)−0.61(3)
(T /20)−0.71
(T /20)−0.79(3)
(T /20)−1.14
(T /20)−2.4(18)

a
The variables δ0PS (j = 2) and n2 were ﬁxed to the corresponding
values of δ1 and n1 for each transition.
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with these levels exhibits nearly perfect agreement at low
temperatures but diverges to 50% disagreement near 200 K.
Given both the delicacy of measurements and the very
difﬁcult characterization of convergence of the theoretical
computation, one could not expect better agreement. In
particular, for both pressure shifts and pressure broadening,
the magnitude of the theoretical prediction depends crucially
on the difference in magnitude and phase between the elastic Smatrix elements i|S|i and f |S|f , that is, on the difference
in both magnitude and accumulated phase for the incoming
(|i) and outgoing waves (|f ) for two states at the same
kinetic energy. Broadening with the lowest state transition
000 is generally not as well reproduced by theory, plausibly
because a different part of the potential is probed by the elastic
S matrix connecting the isotropic 000 state, especially so in the
very-long-range part.

These intercomparisons provide valuable insight into the
validity of the H2 O-H2 PES in regions that are far from
well-tested regimes. Indeed, even if the thermal equilibrium
of the collisional cooling or pressure-broadening technique
precludes direct measurements of collision energies, measurements of pressure-broadening and pressure-shift cross sections
are highly useful as absolute metrics, which are not typically
attained in collisional scattering techniques [26,29].
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P. Stäuber, T. A. van Kempen, R. Visser, S. Viti, M. Walmsley,
S. F. Wampﬂer, and U. A. Yıldız, Publ. Astron. Soc. Pac. 123,
138 (2011).
[5] M. Chehrouri, J.-H. Fillion, H. Chaabouni, H. Mokrane,
E. Congiu, F. Dulieu, E. Matar, X. Michaut, and J. L. Lemaire,
PhysChemChemPhys. 13, 2172 (2011).
[6] L. Amiaud, J. H. Fillion, S. Baouche, F. Dulieu, A. Momeni,
and J. L. Lemaire, J. Chem. Phys. 124, 094702 (2006).
[7] V. Shevtsov, A. Scherbakov, P. Malmi, E. Ylinen, and
M. Punkkinen, J. Low Temp. Phys. 104, 211 (1996).
[8] N. Watanabe, Y. Kimura, A. Kouchi, T. Chigai, T. Hama, and
V. Pirronello, Astrophys. J. Lett. 714, L233 (2010).
[9] L. Pagani, E. Roueff, and P. Lesaffre, Astrophys. J. Lett. 739,
L35 (2011).
[10] N. Troscompt, A. Faure, S. Maret, C. Ceccarelli, P. Hily-Blant,
and L. Wiesenfeld, Astron. Astrophys. 506, 1243 (2009).

[11] M. J. Dick, B. J. Drouin, and J. C. Pearson, J. Quant. Spectrosc.
Radiat. Transf. 110, 619 (2009).
[12] M. J. Dick, B. J. Drouin, T. J. Crawford, and J. C. Pearson,
J. Quant. Spectrosc. Radiat. Transf. 110, 628 (2009).
[13] M. J. Dick, B. J. Drouin, and J. C. Pearson, Phys. Rev. A 81,
022706 (2010).
[14] A. F. Krupnov, Phys. Rev. A 82, 036703 (2010).
[15] V. Buch and J. P. Devlin, J. Chem. Phys. 98, 4195 (1993).
[16] L. Amiaud, F. Dulieu, J.-H. Fillion, A. Momeni, and J. L.
Lemaire, J. Chem. Phys. 127, 144709 (2007).
[17] L. Amiaud, A. Momeni, F. Dulieu, J.-H. Fillion, E. Matar, and
J.-L. Lemaire, Phys. Rev. Lett. 100, 056101 (2008).
[18] P. Jenniskens and D. Blake, Science 265, 753 (1994).
[19] H. Pickett, Appl. Opt. 19, 2745 (1980).
[20] P. Valiron, M. Wernli, A. Faure, L. Wiesenfeld, C. Rist,
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