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The ortho-B concentration of gas samples taken from the liquidcbld moderator of the SINQ spallation
neutron source at PSI has been measured. A valug=00.¢62+ 0.001(statisticaty 0.006(systematical) for
the in situ quasiequilibrium at a temperature of 25 K and at an almost continuous power deposition of 230
+50 mW/g is established for samples taken after long irradiation periods. This unexpectedly low value,
€925 K)=0.955, is explained by a simple radiation-induced breakup and recombination model fieolD
ecules.
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I. INTRODUCTION position may be needed for designing optimized cold neutron

| h in the hvd lecul moderators, performance calculations, and where interest is
Nuclear exchange symmetry in the hydrogen moleculeg, maximizing fluxes of neutrons with the longest possible

Ha, D, (*Hp), and T, (*Hy) leads to ortho and para states. wavelengths. For application to very cold and ultracold neu-
States with higher multiplicity with respect to the nucleartron sources high ortho-Dconcentrations are mandatory,
spin are referred to as “ortho For H, and T,, the total  otherwise severe depletion will occur through energy upscat-
wave function is antisymmetric under exchange of the identering from the para- to ortho transition. However, see, e.g.,
tical spin-1/2 nuclei, whereas the,Wave function is sym- Refs. 3 and 4 though for work on solid,DThe present work
metric under exchange of the identical spin-1 deuterons. lis part of a program aimed at disclosing fatures relevant
D,, nuclear wave functions for the spir®=0 and 2 are to the design of a new powerful source of ultracold neutrons
symmetric (1+5=6 magnetic substates, orthand require Which is under construction at the Paul Scherrer Institut
5 ; .
even angular momenta=0,2, . . . ,whereas th&=1 states (PS).” The spallation neutron source at PSI, SINQ, includes
(3 substates, paraust have odd=1,3, . ... In H and T, a I|qU|d_ D, moderatot and_ls, therefore, a source 01_‘ liquid
the S=0 (para spin wave function is antisymmetric and D, which has been sub;ected_ to. strong irradiation. We
requires symmetric eved states, whileS=1 (ortho) is presenf[ the results of an mvestlgatlon_of the ortfpdbn—_
coupled to odd) states. For all homonuclear hydrogens, thecentrationc, of a sample taken from this source examining
molecular ground states always have-0 and theJ=1  the ¢, value in equilibrium, the time constant for reaching
states are metastable. equilibrium, and its dependence on the radiation level.

Throughout the paper we use square brackets to denote

number densities of atoms or molecules, e.@,]=[D3] Il EXPERIMENT

+[D5]. The ortho-B concentration is represented Iy A. The SINQ cold moderator

with c,=[D$]/[D,]. For ¢, in thermal equilibrium at a Figure 1 shows a schematic arrangement of the SINQ
given temperatur@ we usecg!(T). There should be no dan- cold moderator system. The proton beé80 MeV, 1.2 mA

ger of confusing tritium atoms T with temperature hits a heavy metal target causing spallation reactions that

The hydrogen systems have been investigated extensivefglease fast neutrons which are thermalized in the room-
(see Ref. 2 for a compilationhowever, not much is known temperature BO moderator. A 20-drliquid D, cold source
about the ortho/pareo(p) composition of liquid H and D, is mounted in this moderator and produces cold neutrons for
cold neutron moderators. Under strong irradiation the equia neutron guide system and a conventional beam tube. A
librium ¢, will not necessarily correspond tef(T). The thermosyphon is used for the heat transfer between the
neutron flux obtained from a cold source is not very sensitivesource volume and the condenser system. It operates at about
to its o/p composition, nevertheless, knowledge of the com-150 kPa, giving a 25 K liquid temperature and a density of
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during a full SINQ cycle from April to December 2002. The
proton beam availability on the SINQ target was about 85%
between September and December, dominated by the regular
D. - Expansion Volume service shutdowns of one day per week. The sample was
2 taken immediately after shutting down the proton beam; the
refrigerator system of the cold source was switched off and
the D, cover gas removed from the gas system between the
— — sample point and the liquid by use of the hydride storage
. Sample Point system; this in order to prevent admixtures of gas with dif-
Hydride Storage % 7 ferentc,. A 40-cn? gas sample containgstainless steel
M ’ 304L) was filled with D, gas at 190 kPa. Within half an hour
after sampling, B from this container was transferred into a
‘L Helium Refrigerator spectroscopy cell of about 2.5 énmvolume made from Al

/ with four glued sapphire windows.

HeatExchanger i The c, values were measured by means of frequency re-
solved Raman spectroscopy. The Raman cross section in-
volves the isotropic ') and anisotropic ¢') invariants of

the Raman polarizability tensor. Values fop Bpectroscopy
) can be found in, e.g., Ref. 8. The rotational dependence of

PBtERuvE G the cross section is usually represented by Placzeck-Teller

Shielding Enclosure coefficients and is negligible in isotropic Raman

e measurements Hence, the degeneracy of rotational states

due to nuclear-spin substates becomes apparent in the frac-

"l Cold D,,- Moderator tional population of the rotational states, and the intensity

ratio of odd and even rotational Raman lines is a linear and

direct measure of the/p concentration ratio. The rotational
guantum numbers]) remain unchanged in the observed

Q-branch transitions to the first vibrational state and the cor-

responding lines are resolved by our spectrometer system

(70-mW Ar ion laser, SPEX140183/4)-m double-grating

spectrometer, 1800 lines/mm, charge-coupled device read-

160 kg/n?. The mass flow is about 5 gSmA™%; about out). Corrections due to laser polarization and the polariza-

1.5 dn/s of gas flowing from source volume to liquifier and tion dependent reflection efficiency of the spectrometer grat-

30 cm/s liquid in the return path. The system is usually ings have to be taken into account and are cross checked

filled once per year following an annual shutdown period ofwith the known valuect%(300 K)=2/3 for D, gas at room-

2 to 3 months and hence begins with the deuterium withemperature equilibrium. Figure 2 shows three vibrational

51300 K) (=2/3). At startup, the whole systefthermosy- Raman spectra:(i) for D, from a factory cylinder,

phon plus expansion volumes filled with room-temperature c89(300 K)=2/3; (ii) for D, catalyzed at the triple point

D, gas at about 280 kPabout 10 kg of B), then the lig-  ysing OXISORE as a catalyst®!! c,=c%18.7 K)

uifier is turned on and the thermosyphon is filled with liquid =0.985; and(iii) for the D, sample taken from the SINQ

(about 3.5 kg When operating with full power beam, me- ,0derator.

dium energy, anld fastln_eutron_s apdays deposit a power of  The triple point catalyzed Pgas, withc,=0.985, was

190+40 mW g “mA "~ in the liquid D,; the volume of lig-  ysed to measure the time constantsdép relaxation in the

uid D; in the cold source chamber (19.8 nis reduced by  sample container and the spectroscopy cell. Values of 36 and

about 1.5 drfi to give the pressure head to drive the thermo-g gays, respectively, were obtained, hence only small relax-

syphon. The 190 mWg' mA™* power value comes from @ afion corrections are needed in order to extrapolate back to
performance calculation of the complete SINQ neutronhe ¢  value at the time of sampling.

source using the PSI version of th&Tc code packagé.

Measured heat loads on the helium refrigerator, which in-

cludes contributions from both the,Dand the container C. Results

structure material$550 and 120 W/mA, respectively, in the  The Q branch AJ=0, Av=1) rovibrational Raman

calculation, agree with the calculations to about 20%, lead-spectrum for the sample from SINQ shown in Fig. 2 is the

ing to the assigned uncertainty. sum of two measurement cycles, each 100 min long and on

average 12 h after sampling. The analysis of the fit to the line

intensities yieldsc,=0.756+ 0.001+ 0.004; the first uncer-

tainty is due to counting statistics and the second one due to
The ¢, measurement of the irradiated liquid, Ds ob-  systematics introduced by different possible background

tained from the analysis of gas samples. The sample omodels. The correction for relaxation in the sample cell using

which the present work is based was taken after irradiatiothe measured time constant results in an increase of the mea-

Heavy Water Reflector

Targetsystem
Proton Beam ey,

FIG. 1. Schematical view of the SINQ cold moderator facility
(Ref. 6.

B. Gas sampling and analysis
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v relevant processes are molecular breakup leading to free-
't || 67% ortho D2 J=2 atom production under irradiation, recombination of atoms to
; factory cylinder molecules, an@/p conversion. More complex chemical pro-
s J=1 J= cesses including, e.g., reactive ions(D; , ...) are ne-
= 2 lected:
e[ J=4 = 9
- ﬁ k 2al3
- [0} (o]
,——— — D5
1 1 1 1 1 1 k 2 D la/3 (1)
2970 2975 2980 2985 2990 2995 [1/cm DY) — —— Db
2 | [ 76% ortho D2 J=2 BT pacgim)
(=2 p o p
S [ | SINQ equilibriu D> D> D>. (2)
o
8 [ J=1 90 Here,k denotes the molecular breakup rate due to irradia-
£ g tion and a the recombination rate. For recombined, @s-
= J=3 suming high-temperatur@/p equilibrium (2:1), leads to

ortho- and para-pproduction rates due to recombination of

. . . . I 2al3 and /3, respectively. The conversion raf pulls
2970 2975 2980 2985 2990 2995 [t/em  towards thermal equilibriura%(T) at a given temperaturg
[e.g.,cc(25 K)=0.955].

£ | [ 98.5% ortho D2 J=2

g catalyzed at 18.7 K A. Free atom formation under irradiation

8 [ J=0 The molecular breakup rateis obtained from the known
20 us power deposition of 19840 mWg *mA~! in the liquid

D, of the cold source. The major part of the energy deposi-

tion is due to neutrons and photons which in secondary pro-
N . ! . . . cesses contribute to ionization and molecular breakup. As-

2970 2975 2980 2985 2990 2995 [1/cm suming an energy of 36.6 eV for the creation of an ion pair

and 5.1 atoms created per ion pafrand (1.5<10?%-g !

D, molecules one obtains

FIG. 2. Intensities(normalized to the eved intensity as a
function of the wave number for th® branches of three different
D, samples: at room-temperature equilibriura,€0.67), from _ —7 o1 -1
SIZNQ (0520.76) and conveprted at 18.(; K‘,((=0.9?8:(;. : k=(55£1.)X10" s " mA™". 3

Obviously, this molecular breakup rate is valid only for
sured value by 0.0060.004. Another systematic uncertainty beam-on periods. However, beam-off periddse- or two-
is introduced by the different vapor pressures of liquid orthoday shutdowns of the accelerator as well as short bjeaks

and para B. Using vapor pressure curves as given by Ref. 2annot be treated by a reduced average molecular breakup
we estimate the shift to ber0.002 at maximum. The rate because the recombination takes place on a much shorter

final result thus reads c,=0.762+0.001(statistical) time scale than these interruptions. The unirradiated conver-
+0.006(systematical). sion is slow compared to the radiation-induced process, thus
We note the accidental numerical coincidence of thePeam-off times can be neglected in a first approximation for
simple mixture of two-third B with c¢,= 2/3 from the expan- the equilibriumc, and only stretch the time needed to obtain
sion tank with one-third B at c8%25 K)=0.955, yielding e_quilibr_ium. A similar argumentation is va_lid for Owhich i_s
(2/3)(2/3)+ (1/3)(0.955)=0.763. However, this process is circulating round the thermosyphon during beam-on times.
excluded by the sampling technique. A mechanism that coul@ecause the recombination rate is much larger than the mat-
explain that the lowec, value is a continuous feeding oD  t€F exchange rate between cold moderator volume and heat
gas with a larger para content into the cold system; this i§Xchanger volume, the relevant conversion processes take
excluded by the very slow diffusion in the gas systéhe place in the moderator and the nonirradiated fraction of the
diffusion time constant of P between the liquid and the volume only leads to a dilatation of the equilibration time.
expansion volume through about 60 m long, 90 mm diameter
tubing is estimated to be of the order of one yeamd the B. Recombination of atoms to molecules
very long relaxation timegorder monthsfor D, gas evapo-

. S The recombination rate: depends on the diffusion con-
rating from the liquid.

stant of free atoms in liquid Pand quadratically on the
number of available atoms. In principle, it can be measured
in experiments where the free-atom concentrations and the
temperature are varied. This has been done in the case of
For the interpretation of the measured results, we adopt solid hydrogens®*#Also, « could be obtained by direct the-
simple model(as, e.g., used in Ref. 12n which the only oretical calculation. However, as will become clear below,

IIl. MODEL CALCULATIONS
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we follow another approach which allows us to relate a func-
tion of & andk to our measured, value without actually &[ngﬁsA- (11)
determininge.
Typical values for good catalysts are of the order of
C. Ortho/para conversion 10" ® mol/in? s.2 If we assume the cold moderator wall ma-

, erial to be a good catalyst with a surface area of the order of
The conversion between the ortho and para states strongly .2 or jess. and we deal with the order of31@ol D,

depends on environmental conditions and one has to CORunversion times of the order of %9 are obtained. One
sider four different contributions, of which only the first two would need catalytic areas of 100 order to get rates
turn out to be relevant in our application, given as follows: comparable with natural conversion. In SINQ, the wall ma-

. (M) The “naturr?l” conve(;.sf}on due to _Eol_ecule-molel?ule terial of the moderator and the heat exchanger is aluminum
Interactions can have tW.O ffterent contri 'utlc(nge usually  and the system is rather clean, thus, we consider this contri-
neglects the thermally hindered channel in which pagasD ) +ion to be negligible.

created in the collision of two ortho-Dmolecules, see be-

low) (iv) The catalytic conversion in collisions with paramag-

netic impurities(such as oxygen molecules a first-order

q procesgcompare, e.g., Ref. 17

a[D8]=B1[DS][D8]+Bz[D§]2 4 q
§[D‘z’]=ﬂ4 CoAMI[O[D,]—- B4 O1[D3].  (12)

=B1[D3]1([D2]-[D3)) _ ~ ~ .
From admixtures ofO,]= (10 %-10 %)[H,] to solid H,, a

+B2([Do]—[D3))? (5 valueB,=1.15(8) s for the high-temperature limiabove

8 K, not limited by molecular diffusion, but by the actual
=(B1—2B,)[D,][D3] conversion procegsvas obtained! This should not be very
01 5 different in liquid H, and in liquid D,. However, the solu-
—(B1=B2)[D2]°+ B[ D2 ]*. 6)  pility of O, in liquid H, (and thus in D) is rather small and

estimated to be of the order or less tHad,]~10 8[H,].2
Thus B,[0,]~10"8s"t, which would amount to only a
small correction to the natural self-conversion and can be
neglected here.

Experimental and theoretical evidence exist for the two rat
constants3; and B, being equal, which reduces E®) to a
first-order differential equatidn

d
a[Dg]aBliDz]([Dz]—[Dg]). (7) D. The resulting equation and its solution

Combining the relevant processes, E@s, (2), (8), and
The time constants for the natural conversion in liquiddde  (10), one gets:

of the order of 3100 h(130 day$2'® corresponding to

B1dD,]~=0.9x10 "s 1. However, due to effectively ne- d

glecting the para productior;,=1 is obtained for long &[DS]Z—(k+,3[D]+ﬂ12[Dz])[Dg]+(B[D]
times. In order to correct for this behavior, we slightly
modify Eq. (7) to obtain 2

+B14 D21 s T)[Do] + ga[D]Z- (13

d
PO eq 2 0
atP2l= P12 Co{(DID2]"~ B1d D2](D>]. ® The first solution of Eq(13) is obtained by treating SINQ

) ) _as a continuous, steady-state source; this is a valid approxi-
Equation (8) preserves the experimentally observed first-mation because, as may be seen below, the time constants for
order behavior and yields the correct long-time lif3]  ortho-para conversion are lorigieeks compared to typical
—Co(M)[Do]. beam interruption time&econds, minutes, sometimes days

(i) The conversion in collisions of free D-atonipro-  Obviously, for the steady state, the rate of free-atom produc-
duced under irradiatiorwith molecules(compare Ref. 1P tion must equal the recombination rdfe:

d I
a[Dg]:ﬁ ng(T)[D][Dg]_ﬁ(l_cgq(T))[D][Dg] %[D]ZZK[DZ]—ZQ[D]Z;O (]_4)
)
yielding
= Bc(T)[D][D,]—B[D][D3]. (10
k
(iii ) The catalytic conversion in collisions with wall ma- [D]= \lz[Dz]- (15

terial (effective surface ared) is, except whert, is very
close toc{Y(T), a zero-order reaction with time constgsy, which allows us to defing* = 8v[D,]/ «,
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BID]=pB*\k (16 o
0.95
Insertinga[ D]? from Eq.(14) into Eq.(13) and using Eq.

(16) yields 0.90
d 0.85
Gi[D31=— (k+B* Vk+ B1d D, )[D3]+| B* kegHT)

0.80
+Bid D 1csHT) + %k [D,]. an P

0.70

For constank, Eq. (17) is easily solved as

[D9]=C exp{ — (k+ B* Jk+ 1L D,])t} FIG. 3. Calculated temporal development of the orthoeDn-
2 centration Egs.(18) and(19)], assuming 1.2-mA continuous proton
* JkceU(T) + D,1ct4T)+ —k![D beam and starting either at room-temperature equilibriwwy (
A vk o (1) +B1d D2]Co ((T) 3 (D2 =2/3) or at thermal equilibriunicS%25 K)=0.955. The dashed
+ k+ g* \/E+ B1dD5] error bands indicate the possible range, simply adding the uncer-

tainties in the power deposition and ég.
(18)

in which the integration constar® is determined by the

initial conditions att,=0: which then givedEq. (16)]

2 o _ —
[B* KEHT)+ Bof Do1cS4(T)+ 2K} [D,] B* =(2.91+0.55x 10 *\/s L, (24)
C= cyfty)— 3 These values are used in EG7) to calculate the tempo-
oL"0 k+ 8* Vk+ B14D>] ' ral development of[D3]. Results starting from either

(19 Co(tg) =2/3 orcy(tg) =0.955, respectively, are shown in Fig.
) ) 3. After a few weeks of operation the system has come into
For long times this leads to the expected steady-state bgy, equilibrium independent of the initial concentrations.
havior. The steady state is approached with the time constant The influence of proton current variation has been inves-

r=1(k+ B* Jk+B14D,]) which for k>p,B1, is only  tigated directly by solving Eq7) using the measured val-

slightly slower than K. ues. The proton beam onto SINQ is logged every minute and
Considering the steady state/dt{{D3]=0, one obtains the profile for the period April to December 2002 is shown in
from Eq. (17), Fig. 4. The temporal development of obtained from Eq.
(17) is displayed in the lower part of Fig. 4.
[D9] B* VKeBH(T) + B D,1ceY(T) + 2 k The calculation uses,(ty)=2/3 but other initial values
Co [D,] K+ B \/E+,312[D2] (20 lead to exactly the same behavior after less than 2 months. At

two intermediate dategune 19 and September @bout half

of D, was evaporated from the cold moderator for sampling
tests. For the calculation we assumed complete mixing of the
cold D, with the buffer gas at room-temperature equilibrium.
Again, any initialo/p ratio at these dates returns to the same
and C, on the 23rd of December.

Using the result for3* obtained from the SINQ sample
[see Eq.(24)] the dependence af, on k is calculated from
Eqg. (20). The result is shown in Fig. 5.

Qualitatively, one can discuss the behavior at higher
power densities than in SINQ by using results for tritium.
The self-heating due tB-decay amounts to 1 W per mol of

The measured value fay,, the estimated value fde[Eq.  tritium atoms giving aky,~1.4x107°s™* (note k=2.84
(3)], and a constant proton beam current of 1.2 mA on thex 10 s is given in Ref. 12 for the atom formation rate in
SINQ target are used to obtain a value gD] (= B* Vk) agreement with our molecular breakup r&tg). In T, no

which naturally yields the two limiting cases

Co=CcX(T) noirradiation, k=0 (21

2
c0=§ for k>p,B1s. (22

IV. SPECIFIC RESULTS FOR SINQ AND DISCUSSION

from Eq. (20): obvious discontinuity exists in the ortho-para transition rate
at the solid-liquid phase transitidfithis suggests that some
_ (co—2/3)k—=(cg¥T)—c,) B14 Do ] liquid T, properties can be extrapolated from solig data.
BID]= cCYT)—c The ortho fraction in liquid F can thus be expected to be
© © =0.6. Thich is consistent with the finding that in liquid, D
=(2.36+0.64x10 st (23)  the hot limit is not far beyond the SINQ data point.
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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 lower graph
shows the development of the orthg-Boncentration as calculated from H@G7), starting arbitrarily at,=2/3 and using the values fér

and B* which were obtained in Eq$3) and (24).

Using our model, one can also predg values for the

x10 8s™! correspondingly Our model reproduces this

two liquid D, moderators at the Institute Laue-Langevinvalue but we believe this to be a coincidence: We expect a
(ILL). The relevant power depositions are 5.5 kW in 25*dm slow equilibration time dominated by the natural conversion.

D, (ILL 1) and 3 kW in 6 dm (ILL 2), respectively’’ On

Liquid and solid tritium dati1°?2show that the conversion

the basis of the power distribution in the SINQ cold sourceyate of the(self-)irradiated hydrogen species increases when

we use 80% of these values as the power in the liquicid
deduce approximate breakup ratg$LL1) ~2.5x10 ®s™?!
andk(ILL2) ~5.8x 10 ®s™1. Using these values in E(RO)
one obtaing,(ILL1) ~0.72 andc,(ILL2) ~0.70.

An experiment with a 6 drhvolume D, cold source in
the VVRM reactor at PNPI Gatchifd! reported no effect in
solid D, and a fasto/p conversion toc,=0.95+0.05 in
liquid D, at a power deposition of 1 mW/g (k=3

0.75

0.70

i i i i i i i i 71
4 % 10 12 14 16 15 K[10 "s ]

FIG. 5. The dependence of the equilibrium orthg-®@ncentra-
tion ¢, at 25 K on the molecular breakup rdtze Eq(20)], which
is proportional to the radiation power deposition in the liquigl D

the temperature is lowered and reaches a maximumfat T
11.4 K22

V. CONCLUSIONS AND OUTLOOK

We have presented results of a measurement of the ortho-
D, concentration in the liquid P moderator of the SINQ
spallation neutron source at PSI. The measured value ¢
=0.762+0.001(statisticalr 0.006(systematical) is far from
thermal equilibrium at 25 K, but can be understood in terms
of irradiation-induced breakup and recombination gfrbol-
ecules. The model used in order to interpret the result yields
C, as a function of the breakup rate. Generally, stronger ir-
radiation causes higher conversion rates and leads to reduced
C, values. The values for tritium, which has a very strong
self-irradiation, fits within this picture. Extrapolation to
lower irradiation values is difficult due to the increased im-
portance of other conversion mechanistese Sec. Il ¢
More data points would be interesting, such as with different
proton beam currents on the spallation neutron source or
sampling from other moderators, e.g., the liquid Eold
moderators of the ILL Grenoble reactor. With respect to solid
D, moderators for ultracold neutron sources, one can con-

The uncertainties are dominated by systematics and have bedtude that radiation assisted conversion in the liquid state is

added linearly.

no viable option for achieving high, values. However, the
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