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Ortho-para equilibrium in a liquid D 2 neutron moderator under irradiation
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The ortho-D2 concentration of gas samples taken from the liquid D2 cold moderator of the SINQ spallation
neutron source at PSI has been measured. A value of co50.76260.001(statistical)60.006(systematical) for
the in situ quasiequilibrium at a temperature of 25 K and at an almost continuous power deposition of 230
650 mW/g is established for samples taken after long irradiation periods. This unexpectedly low value,
co

eq(25 K)50.955, is explained by a simple radiation-induced breakup and recombination model for D2 mol-
ecules.
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I. INTRODUCTION

Nuclear exchange symmetry in the hydrogen molecu
H2, D2 (2H2), and T2 (3H2) leads to ortho and para state
States with higher multiplicity with respect to the nucle
spin are referred to as ‘‘ortho.’’1,2 For H2 and T2, the total
wave function is antisymmetric under exchange of the id
tical spin-1/2 nuclei, whereas the D2 wave function is sym-
metric under exchange of the identical spin-1 deuterons
D2, nuclear wave functions for the spinsS50 and 2 are
symmetric (11556 magnetic substates, ortho! and require
even angular momentaJ50,2, . . . ,whereas theS51 states
~3 substates, para! must have oddJ51,3, . . . . In H2 and T2,
the S50 ~para! spin wave function is antisymmetric an
requires symmetric evenJ states, whileS51 ~ortho! is
coupled to oddJ states. For all homonuclear hydrogens, t
molecular ground states always haveJ50 and theJ51
states are metastable.

Throughout the paper we use square brackets to de
number densities of atoms or molecules, e.g.,@D2#5@D2

o#
1@D2

p#. The ortho-D2 concentration is represented byco

with co5@D2
o#/@D2#. For co in thermal equilibrium at a

given temperatureT we useco
eq(T). There should be no dan

ger of confusing tritium atoms T with temperatureT.
The hydrogen systems have been investigated extens

~see Ref. 2 for a compilation!, however, not much is known
about the ortho/para (o/p) composition of liquid H2 and D2
cold neutron moderators. Under strong irradiation the eq
librium co will not necessarily correspond toco

eq(T). The
neutron flux obtained from a cold source is not very sensi
to its o/p composition, nevertheless, knowledge of the co
0163-1829/2003/68~9!/094114~7!/$20.00 68 0941
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position may be needed for designing optimized cold neut
moderators, performance calculations, and where intere
in maximizing fluxes of neutrons with the longest possib
wavelengths. For application to very cold and ultracold ne
tron sources high ortho-D2 concentrations are mandator
otherwise severe depletion will occur through energy ups
tering from the para- to ortho transition. However, see, e
Refs. 3 and 4 though for work on solid D2. The present work
is part of a program aimed at disclosing D2 features relevant
to the design of a new powerful source of ultracold neutro
which is under construction at the Paul Scherrer Inst
~PSI!.5 The spallation neutron source at PSI, SINQ, includ
a liquid D2 moderator6 and is, therefore, a source of liqui
D2 which has been subjected to strong irradiation. W
present the results of an investigation of the ortho-D2 con-
centrationco of a sample taken from this source examini
the co value in equilibrium, the time constant for reachin
equilibrium, and its dependence on the radiation level.

II. EXPERIMENT

A. The SINQ cold moderator

Figure 1 shows a schematic arrangement of the SI
cold moderator system. The proton beam~590 MeV, 1.2 mA!
hits a heavy metal target causing spallation reactions
release fast neutrons which are thermalized in the roo
temperature D2O moderator. A 20-dm3 liquid D2 cold source
is mounted in this moderator and produces cold neutrons
a neutron guide system and a conventional beam tube
thermosyphon is used for the heat transfer between
source volume and the condenser system. It operates at a
150 kPa, giving a 25 K liquid temperature and a density
©2003 The American Physical Society14-1
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160 kg/m3. The mass flow is about 5 g s21 mA21; about
1.5 dm3/s of gas flowing from source volume to liquifier an
30 cm3/s liquid in the return path. The system is usua
filled once per year following an annual shutdown period
2 to 3 months and hence begins with the deuterium w
co

eq~300 K! (52/3). At startup, the whole system~thermosy-
phon plus expansion volume! is filled with room-temperature
D2 gas at about 280 kPa~about 10 kg of D2), then the liq-
uifier is turned on and the thermosyphon is filled with liqu
~about 3.5 kg!. When operating with full power beam, me
dium energy, and fast neutrons andg rays deposit a power o
190640 mW g21 mA21 in the liquid D2; the volume of liq-
uid D2 in the cold source chamber (19.8 dm3) is reduced by
about 1.5 dm3 to give the pressure head to drive the therm
syphon. The 190 mW g21 mA21 power value comes from a
performance calculation of the complete SINQ neutr
source using the PSI version of theHETC code package.7

Measured heat loads on the helium refrigerator, which
cludes contributions from both the D2 and the container
structure materials~550 and 120 W/mA, respectively, in th
calculation!, agree with the calculations to about 20%, lea
ing to the assigned uncertainty.

B. Gas sampling and analysis

The co measurement of the irradiated liquid D2 is ob-
tained from the analysis of gas samples. The sample
which the present work is based was taken after irradia

FIG. 1. Schematical view of the SINQ cold moderator facil
~Ref. 6!.
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during a full SINQ cycle from April to December 2002. Th
proton beam availability on the SINQ target was about 8
between September and December, dominated by the reg
service shutdowns of one day per week. The sample
taken immediately after shutting down the proton beam;
refrigerator system of the cold source was switched off a
the D2 cover gas removed from the gas system between
sample point and the liquid by use of the hydride stora
system; this in order to prevent admixtures of gas with d
ferent co . A 40-cm3 gas sample container~stainless stee
304L! was filled with D2 gas at 190 kPa. Within half an hou
after sampling, D2 from this container was transferred into
spectroscopy cell of about 2.5 cm3 volume made from Al
with four glued sapphire windows.

The co values were measured by means of frequency
solved Raman spectroscopy. The Raman cross section
volves the isotropic (a8) and anisotropic (g8) invariants of
the Raman polarizability tensor. Values for D2 spectroscopy
can be found in, e.g., Ref. 8. The rotational dependence
the cross section is usually represented by Placzeck-T
coefficients and is negligible in isotropic Rama
measurements.9 Hence, the degeneracy of rotational sta
due to nuclear-spin substates becomes apparent in the
tional population of the rotational states, and the intens
ratio of odd and even rotational Raman lines is a linear a
direct measure of theo/p concentration ratio. The rotationa
quantum numbersJ remain unchanged in the observe
Q-branch transitions to the first vibrational state and the c
responding lines are resolved by our spectrometer sys
~70-mW Ar ion laser, SPEX14018~3/4!-m double-grating
spectrometer, 1800 lines/mm, charge-coupled device re
out!. Corrections due to laser polarization and the polari
tion dependent reflection efficiency of the spectrometer g
ings have to be taken into account and are cross chec
with the known valueco

eq(300 K)52/3 for D2 gas at room-
temperature equilibrium. Figure 2 shows three vibratio
Raman spectra:~i! for D2 from a factory cylinder,
co

eq(300 K)52/3; ~ii ! for D2 catalyzed at the triple poin
using OXISORB® as a catalyst,10,11 co5co

eq(18.7 K)
50.985; and~iii ! for the D2 sample taken from the SINQ
moderator.

The triple point catalyzed D2 gas, withco50.985, was
used to measure the time constants foro/p relaxation in the
sample container and the spectroscopy cell. Values of 36
8 days, respectively, were obtained, hence only small re
ation corrections are needed in order to extrapolate bac
the co value at the time of sampling.

C. Results

The Q branch (DJ50, Dn51) rovibrational Raman
spectrum for the sample from SINQ shown in Fig. 2 is t
sum of two measurement cycles, each 100 min long and
average 12 h after sampling. The analysis of the fit to the
intensities yieldsco50.75660.00160.004; the first uncer-
tainty is due to counting statistics and the second one du
systematics introduced by different possible backgrou
models. The correction for relaxation in the sample cell us
the measured time constant results in an increase of the m
4-2
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sured value by 0.00660.004. Another systematic uncertain
is introduced by the different vapor pressures of liquid or
and para D2. Using vapor pressure curves as given by Re
we estimate the shift to be60.002 at maximum. The
final result thus reads co50.76260.001(statistical)
60.006(systematical).

We note the accidental numerical coincidence of
simple mixture of two-third D2 with co52/3 from the expan-
sion tank with one-third D2 at co

eq(25 K)50.955, yielding
(2/3)(2/3)1(1/3)(0.955)50.763. However, this process
excluded by the sampling technique. A mechanism that co
explain that the lowerco value is a continuous feeding of D2
gas with a larger para content into the cold system; thi
excluded by the very slow diffusion in the gas system~the
diffusion time constant of D2 between the liquid and the
expansion volume through about 60 m long, 90 mm diame
tubing is estimated to be of the order of one year! and the
very long relaxation times~order months! for D2 gas evapo-
rating from the liquid.

III. MODEL CALCULATIONS

For the interpretation of the measured results, we ado
simple model~as, e.g., used in Ref. 12! in which the only

FIG. 2. Intensities~normalized to the evenJ intensity! as a
function of the wave number for theQ branches of three differen
D2 samples: at room-temperature equilibrium (co50.67), from
SINQ (co50.76) and converted at 18.7 K (co50.98).
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relevant processes are molecular breakup leading to f
atom production under irradiation, recombination of atoms
molecules, ando/p conversion. More complex chemical pro
cesses including, e.g., reactive ions (D1,D3

1 , . . . ) are ne-
glected:

D2
o ——→

k

D2
p ——→

k J 2 DH ——→
2a/3

D2
o

——→
1a/3

D2
p

~1!

D2
p ——→

bco
eq

~T!

D2
o ——→

b~12co
eq

~T!!

D2
p . ~2!

Here,k denotes the molecular breakup rate due to irrad
tion anda the recombination rate. For recombined D2, as-
suming high-temperatureo/p equilibrium ~2:1!, leads to
ortho- and para-D2 production rates due to recombination
2a/3 and 1a/3, respectively. The conversion rateb pulls
towards thermal equilibriumco

eq(T) at a given temperatureT
@e.g.,co

eq(25 K)50.955].

A. Free atom formation under irradiation

The molecular breakup ratek is obtained from the known
power deposition of 190640 mW g21 mA21 in the liquid
D2 of the cold source. The major part of the energy depo
tion is due to neutrons and photons which in secondary p
cesses contribute to ionization and molecular breakup.
suming an energy of 36.6 eV for the creation of an ion p
and 5.1 atoms created per ion pair2,12 and (1.531023)-g21

D2 molecules one obtains

k5~5.561.1!31027 s21 mA21. ~3!

Obviously, this molecular breakup rate is valid only f
beam-on periods. However, beam-off periods~one- or two-
day shutdowns of the accelerator as well as short bre!
cannot be treated by a reduced average molecular bre
rate because the recombination takes place on a much sh
time scale than these interruptions. The unirradiated con
sion is slow compared to the radiation-induced process, t
beam-off times can be neglected in a first approximation
the equilibriumco and only stretch the time needed to obta
equilibrium. A similar argumentation is valid for D2 which is
circulating round the thermosyphon during beam-on tim
Because the recombination rate is much larger than the m
ter exchange rate between cold moderator volume and
exchanger volume, the relevant conversion processes
place in the moderator and the nonirradiated fraction of
volume only leads to a dilatation of the equilibration time

B. Recombination of atoms to molecules

The recombination ratea depends on the diffusion con
stant of free atoms in liquid D2 and quadratically on the
number of available atoms. In principle, it can be measu
in experiments where the free-atom concentrations and
temperature are varied. This has been done in the cas
solid hydrogens.13,14Also, a could be obtained by direct the
oretical calculation. However, as will become clear belo
4-3
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we follow another approach which allows us to relate a fu
tion of a and k to our measuredco value without actually
determininga.

C. OrthoÕpara conversion

The conversion between the ortho and para states stro
depends on environmental conditions and one has to
sider four different contributions, of which only the first tw
turn out to be relevant in our application, given as follow

~i! The ‘‘natural’’ conversion due to molecule-molecu
interactions can have two different contributions~one usually
neglects the thermally hindered channel in which para D2 is
created in the collision of two ortho-D2 molecules, see be
low!

d

dt
@D2

o#5b1@D2
o#@D2

p#1b2@D2
p#2 ~4!

5b1@D2
o#~@D2#2@D2

o# !

1b2~@D2#2@D2
o# !2 ~5!

5~b122b2!@D2#@D2
o#

2~b12b2!@D2
o#21b2@D2#2. ~6!

Experimental and theoretical evidence exist for the two r
constantsb1 andb2 being equal, which reduces Eq.~6! to a
first-order differential equation15

d

dt
@D2

o#5b12@D2#~@D2#2@D2
o# !. ~7!

The time constants for the natural conversion in liquid D2 are
of the order of 3100 h~130 days!,2,16 corresponding to
b12@D2#'0.931027 s21. However, due to effectively ne
glecting the para production,co51 is obtained for long
times. In order to correct for this behavior, we slight
modify Eq. ~7! to obtain

d

dt
@D2

o#5b12 co
eq~T!@D2#22b12@D2#@D2

o#. ~8!

Equation ~8! preserves the experimentally observed fir
order behavior and yields the correct long-time limit@D2

o#
→co

eq(T)@D2#.
~ii ! The conversion in collisions of free D-atoms~pro-

duced under irradiation! with molecules~compare Ref. 12!

d

dt
@D2

o#5b co
eq~T!@D#@D2

p#2b~12co
eq~T!!@D#@D2

o#

~9!

5bco
eq~T!@D#@D2#2b@D#@D2

o#. ~10!

~iii ! The catalytic conversion in collisions with wall ma
terial ~effective surface areaA) is, except whenco is very
close toco

eq(T), a zero-order reaction with time constantb3,
09411
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d

dt
@D2

o#5b3A. ~11!

Typical values for good catalysts are of the order
1026 mol/m2 s.2 If we assume the cold moderator wall m
terial to be a good catalyst with a surface area of the orde
1 m2 or less, and we deal with the order of 103 mol D2,
conversion times of the order of 109s are obtained. One
would need catalytic areas of 100 m2 in order to get rates
comparable with natural conversion. In SINQ, the wall m
terial of the moderator and the heat exchanger is alumin
and the system is rather clean, thus, we consider this co
bution to be negligible.

~iv! The catalytic conversion in collisions with parama
netic impurities~such as oxygen molecules! is a first-order
process~compare, e.g., Ref. 17!:

d

dt
@D2

o#5b4 co
eq~T!@O2#@D2#2b4@O2#@D2

o#. ~12!

From admixtures of@O2#5(1024–1023)@H2# to solid H2, a
valueb451.15(8) s21 for the high-temperature limit~above
8 K, not limited by molecular diffusion, but by the actu
conversion process! was obtained.17 This should not be very
different in liquid H2 and in liquid D2. However, the solu-
bility of O2 in liquid H2 ~and thus in D2) is rather small and
estimated to be of the order or less than@O2#'1028@H2#.2

Thus b4 @O2#'1028 s21, which would amount to only a
small correction to the natural self-conversion and can
neglected here.

D. The resulting equation and its solution

Combining the relevant processes, Eqs.~1!, ~2!, ~8!, and
~10!, one gets:

d

dt
@D2

o#52~k1b@D#1b12@D2# !@D2
o#1~b@D#

1b12@D2# !co
eq~T!@D2#1

2

3
a@D#2. ~13!

The first solution of Eq.~13! is obtained by treating SINQ
as a continuous, steady-state source; this is a valid appr
mation because, as may be seen below, the time constan
ortho-para conversion are long~weeks! compared to typical
beam interruption times~seconds, minutes, sometimes day!.
Obviously, for the steady state, the rate of free-atom prod
tion must equal the recombination rate:18

d

dt
@D#52k@D2#22a@D#25

!

0 ~14!

yielding

@D#5Ak

a
@D2#, ~15!

which allows us to defineb* 5bA@D2#/a,
4-4
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b@D#5b* Ak ~16!

Insertinga@D#2 from Eq.~14! into Eq.~13! and using Eq.
~16! yields

d

dt
@D2

o#52~k1b* Ak1b12@D2# !@D2
o#1S b* Akco

eq~T!

1b12@D2#co
eq~T!1

2

3
kD @D2#. ~17!

For constantk, Eq. ~17! is easily solved as

@D2
o#5C exp$2~k1b* Ak1b12@D2# !t%

1

H b* Akco
eq~T!1b12@D2#co

eq~T!1
2

3
kJ @D2#

k1b* Ak1b12@D2#

~18!

in which the integration constantC is determined by the
initial conditions att050:

C 5 co~ t0!2

H b* Akco
eq~T!1b12@D2#co

eq~T!1
2

3
kJ @D2#

k1b* Ak1b12@D2#
.

~19!

For long times this leads to the expected steady-state
havior. The steady state is approached with the time cons
t51/(k1b* Ak1b12@D2#) which for k@b,b12 is only
slightly slower than 1/k.

Considering the steady state,d/dt@D2
o#50, one obtains

from Eq. ~17!,

co5
@D2

o#

@D2#
5

b* Akco
eq~T!1b12@D2#co

eq~T!1 2
3 k

k1b* Ak1b12@D2#
~20!

which naturally yields the two limiting cases

co5co
eq~T! no irradiation, k50 ~21!

and

co5
2

3
for k@b,b12. ~22!

IV. SPECIFIC RESULTS FOR SINQ AND DISCUSSION

The measured value forco , the estimated value fork @Eq.
~3!#, and a constant proton beam current of 1.2 mA on
SINQ target are used to obtain a value forb@D# (5b* Ak)
from Eq. ~20!:

b@D#5
~co22/3!k2~co

eq~T!2co!b12@D2#

co
eq~T!2co

5~2.3660.64!31027 s21 ~23!
09411
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which then gives@Eq. ~16!#

b* 5~2.9160.55!31024As21. ~24!

These values are used in Eq.~17! to calculate the tempo
ral development of@D2

o#. Results starting from eithe
co(t0)52/3 orco(t0)50.955, respectively, are shown in Fig
3. After a few weeks of operation the system has come i
an equilibrium independent of the initial concentrations.

The influence of proton current variation has been inv
tigated directly by solving Eq.~17! using the measured val
ues. The proton beam onto SINQ is logged every minute
the profile for the period April to December 2002 is shown
Fig. 4. The temporal development ofco obtained from Eq.
~17! is displayed in the lower part of Fig. 4.

The calculation usesco(t0)52/3 but other initial values
lead to exactly the same behavior after less than 2 months
two intermediate dates~June 19 and September 4! about half
of D2 was evaporated from the cold moderator for sampl
tests. For the calculation we assumed complete mixing of
cold D2 with the buffer gas at room-temperature equilibrium
Again, any initialo/p ratio at these dates returns to the sa
co on the 23rd of December.

Using the result forb* obtained from the SINQ sampl
@see Eq.~24!# the dependence ofco on k is calculated from
Eq. ~20!. The result is shown in Fig. 5.

Qualitatively, one can discuss the behavior at high
power densities than in SINQ by using results for tritium
The self-heating due tob-decay amounts to 1 W per mol o
tritium atoms giving akT2

'1.431026 s21 ~note k52.84

31026 s21 is given in Ref. 12 for the atom formation rate i
agreement with our molecular breakup ratekT2

). In T2 no
obvious discontinuity exists in the ortho-para transition r
at the solid-liquid phase transition;19 this suggests that som
liquid T2 properties can be extrapolated from solid T2 data.
The ortho fraction in liquid T2 can thus be expected to b
>0.6. Thich is consistent with the finding that in liquid D2
the hot limit is not far beyond the SINQ data point.

FIG. 3. Calculated temporal development of the ortho-D2 con-
centration@Eqs.~18! and~19!#, assuming 1.2-mA continuous proto
beam and starting either at room-temperature equilibriumco

52/3) or at thermal equilibrium@co
eq(25 K)50.955#. The dashed

error bands indicate the possible range, simply adding the un
tainties in the power deposition and inco .
4-5
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FIG. 4. The upper figure displays the proton beam current on the SINQ target over year 2002. Using this as an input, the low
shows the development of the ortho-D2 concentration as calculated from Eq.~17!, starting arbitrarily atco52/3 and using the values fork
andb* which were obtained in Eqs.~3! and ~24!.
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Using our model, one can also predictco values for the
two liquid D2 moderators at the Institute Laue-Langev
~ILL !. The relevant power depositions are 5.5 kW in 25-d3

D2 ~ILL 1 ! and 3 kW in 6 dm3 ~ILL 2 !, respectively.20 On
the basis of the power distribution in the SINQ cold sour
we use 80% of these values as the power in the liquid D2 and
deduce approximate breakup ratesk(ILL1) '2.531026 s21

andk(ILL2) '5.831026 s21. Using these values in Eq.~20!
one obtainsco(ILL1) '0.72 andco(ILL2) '0.70.

An experiment with a 6 dm3 volume D2 cold source in
the VVRM reactor at PNPI Gatchina3,21 reported no effect in
solid D2 and a fasto/p conversion toco50.9560.05 in
liquid D2 at a power deposition of 1161 mW/g (k'3

FIG. 5. The dependence of the equilibrium ortho-D2 concentra-
tion co at 25 K on the molecular breakup rate@see Eq.~20!#, which
is proportional to the radiation power deposition in the liquid D2.
The uncertainties are dominated by systematics and have
added linearly.
09411
,

31028 s21 correspondingly!. Our model reproduces thi
value but we believe this to be a coincidence: We expec
slow equilibration time dominated by the natural conversio
Liquid and solid tritium data12,19,22show that the conversion
rate of the~self-!irradiated hydrogen species increases wh
the temperature is lowered and reaches a maximum for T2 at
11.4 K.22

V. CONCLUSIONS AND OUTLOOK

We have presented results of a measurement of the or
D2 concentration in the liquid D2 moderator of the SINQ
spallation neutron source at PSI. The measured valueo
50.76260.001(statistical)60.006(systematical) is far from
thermal equilibrium at 25 K, but can be understood in ter
of irradiation-induced breakup and recombination of D2 mol-
ecules. The model used in order to interpret the result yie
co as a function of the breakup rate. Generally, stronger
radiation causes higher conversion rates and leads to red
co values. The values for tritium, which has a very stro
self-irradiation, fits within this picture. Extrapolation t
lower irradiation values is difficult due to the increased im
portance of other conversion mechanisms~see Sec. III C!.
More data points would be interesting, such as with differ
proton beam currents on the spallation neutron source
sampling from other moderators, e.g., the liquid D2 cold
moderators of the ILL Grenoble reactor. With respect to so
D2 moderators for ultracold neutron sources, one can c
clude that radiation assisted conversion in the liquid stat
no viable option for achieving highco values. However, the
en
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radiation dependentco equilibrium, together with the atom
mobility, is a strong function of temperature. In solid D2 at
low temperatures conversion is favored over recombinat
yielding largeco equilibrium values. If the radiation field is
too weak to only rely on radiation assisted conversion
solid D2, a suitable catalyst needs to be used to prepareco

5co
eq(18.7 K)50.985. Starting from this value one can th

achieve even higherco values due to irradiation as well a
due to natural conversion.
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