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ABSTRACT

We present a model for the kinetics of irradiated liquid hydrogen, as appropriate to a
spallation neutron source environment. This model indicates that the ortho-para distribution in
an irradiated volume of liquid hydrogen may be significantly different from the thcrmody-
namically equilibrated distribution, resulting in significantly changed neulronic and opera-
tional performance for practical liquid hydrogen moderators. Numerical experimentation with
the model indicates that neither the pulsed nature of a pulsed source nor the cyclic nature of a
flowing liquid hydrogen loop significantly impacts the ortho-para distribution. In developing
this model, we have learned that many proposed methods for measuring the ortho-para distri-
bution in an operating moderator system may have potential difficulties, complicating bench-
marking efforts.

I. INTRODUCTION

Hydrogen at low temperature tends to the para state, with zero molecular angular mo-
mentum, in which the proton spins are anti-aligned. This occurs because the spin-zero mole-
cules have accessible the angular momentum-zero state, which has energy about 15 meV
lower than the angular momentum-one state, the lowest accessible to the spin-one ortho-
molecules. At room temperature, ortho- and parahydrogen molecules exist in the ratio of the
numbers of available quantum slates, 3:1. This distribution is commonly referred to as /1-H2.
normal hydrogen. Recently-condensed hydrogen slowly approaches the nearly pure para slate
by spontaneous conversion in which an ortho-hydrogen acts as an agent of spin exchange in
either another ortho-hydrogen molecule or in a para-hydrogen molecule. The resulting equili-
brated hydrogen is typically referred to as e-Hi, and for 20.4 K is 0.998 para-hydrogen, and
0.002 ortho-hydrogen. Catalysts in contact with the material hasten the conversion process.

The distinction between ortho- and para-hydrogen is critical in cold neutron source and
cold moderator design. [1-4] The peculiarly small total cross section of para-hydrogen for
low neutron energies means that low energy neutrons can easily leak out of the medium. Thus
the spectral intensity, time response, and overall performance of the moderator in general are
very strongly influenced by even small quantities of ortho-hydrogen. Furthermore, different
applications (e.g., continuous source, low-resolution pulsed source, high-resolution pulsed
source, etc.) may in fact benefit from different ortho:para combinations.

The cold moderator environment necessarily include fluxes of fast neutrons and gamma
rays, which dissociate molecular hydrogen. The resulting monatomic hydrogen reeombines as
though at high temperature, in the 3:1 ortho:para ratio, reversing the relaxation to the para
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state. Conversely, the monatomic hydrogen in the presence of ortho-hydrogen molecules may
catalyze the relaxation to the para stale. Finally, there are indications that a fourth species, tri-
atomie hydrogen, is also present in irradiated hydrogen, presumably resulting from the com-
bination of monohydrogen with ordinary dihydrogen. [5| This trihydrogen is unstable, and
can act as a means of "storing" monohydrogen. Thus the ortho:para equilibrium balance in the
presence of ionizing radiation may be significantly different from the balance in the absence
of radiation. Measurements of the neutronic performance of cold moderators are inconclusive
as to the relative concentrations of ortho- and para-hydrogen. [ 1^4. 6-8]

Our goal is to provide a basis for understanding the evolution of the ortho/para stale of
liquid hydrogen in the practical circumstance of a radiation environment. Section 2 describes
the mathematical models for the kinetics of liquid hydrogen in such a radiation environment.
Section 3 applies the model to the Spallation Neutron Source liquid hydrogen moderators, and
surveys possible effects of the pulsed nature of source and the circulating nature of the hydro-
gen loop. Section 4 describes further work we see as necessary.

2. KINKTICS MODHL

In an unirradiated liquid hydrogen system, the ortho-para hydrogen distribution can be
characterized |9| by
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in which n,, (n,,) represents the density of ortho- (para-) hydrogen in the system (we work in
units of moles of diatomic hydrogen per cubic centimeter), K,,,, (K,n) represents the rate con-
stant for ortho-lo-para (para-to-ortho) spontaneous spin-exchange conversion, and C,r (C,,,,)
represents the rate constant for ortho-to-para (para-lo-ortho) catalyzed conversion. The coeffi-
cients are related in that

A,,,, = A,,,,-——. (3)

as is necessary to reach eventual equilibrium at the ortho-hydrogen fraction
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with a similar equation for C,,,, and C,,,,. Milenko el al. |9] report detailed measurements of
ortho-para conversion providing values for Kop as functions of temperature and pressure. The
catalytic conversion coefficients will depend completely on the details of the system, such as
the material, surface area, and surface preparation of the container, etc., and we consider a
broad range of values in our analysis.

Based on the results of irradiation studies conducted in support of the NHRVA program,
we extend the above mathematical model to include the radiolytic evolution of monalomic
and triatomic hydrogen radicals in the hydrogen system, the slow spontaneous dissociation
the triatomic hydrogen radicals into additional monatomic hydrogen (and e-H2), the ortho-
para conversion catalyzing effects of the monatomic hydrogen, and the recombination of the
monatomic hydrogen into n-H2. [ 10] In mathematical terms, this can be expressed as
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where rin. («//) is the molecular density of triatomic (monatomic) hydrogen, and we introduce
additional conversion coefficients and parameters as shown in Table 1. We quote values lor
20 K and 14.9 bar as typical for cold moderator applications. Obviously, specific systems may
have somewhat different values, but they will likely be similar.

Table 1: Parameters for irradiated livdrotien kinetics model.
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2.1 Equilibrium Levels

Equation 7 can easily be solved for for the concentration of trihydrogen at equilibrium to give

A

giving the result that equilibrium trihydrogen levels are directly proportional to the energy
deposition rate. At E = 1 W/cnr\ the equilibrium level is 1.66 x KT4 moles per cubic centi-
meter, which implies that 6.7 x IO~3 of all hydrogen nuclei are in the trihydrogen species.



Note that the equilibrium trihydrogen level is small enough that for reasonable levels of en-
ergy deposition (i.e., 0.02 W/cm3 for SNS) il is neutronically negligible.

Similarly, the approximation that n,, + /!,, - Nn: with Hquation 8 gives

giving the result that the equilibrium monohydrogen content is proportional to the square root
of the energy deposition rate, and equal to about 1.23xlO~h moles per cubic centimeter at
1 W/cm3. equivalent to 1.66 x 10~s of all hydrogen nuclei, also neutronically negligible.

3. APPLICATION TO THH SNS MODERATOR SYSTKM

In the SNS environment, we expect that the energy deposition rate in a hydrogen mod-
erator will be as high as 1 W/cm in the moderator itself. However, the hydrogen in the mod-
erator rapidly circulates through the rest of the hydrogen loop, where the energy deposition
rate is very small. Furthermore, the energy deposition is nearly entirely limited to the first few
microseconds following the incident proton pulse. Thus the energy deposition within a vol-
ume element of liquid hydrogen circulating through the hydrogen system may be described as
having two levels of pulsing; one level on the order of microseconds with a repetition rale
corresponding to the source pulsing frequency, and one level on the order of one second (the
hydrogen residence time within the moderator) per one minute (corresponding to the circula-
tion time of the hydrogen loop). In our calculations, we use a pulsing frequency of 50 Hz and
a loop circulation time of 50 s for numerical convenience. Given an effective residence time
of 1 s, the average power density we predict in the SNS hydrogen system is then 0.02 W/cm .

3.1 Model Results

We first examine the behavior of the model assuming that the energy deposition rale is
constant in time, as might apply to a steady-state reactor cold source. The effects of radiation
as described in Section 2 result in changed equilibrium levels as indicated in Figure I. It is
immediately evident that radiation energy deposition can radically shift the asymptotic level
of ortho-hydrogen in the system, indicating that recombination effects can dominate radiolylic
catalysis effects. The hydrogen is not at thermodynamic equilibrium; il is however at an equi-
librium between conventional relaxation processes and the back-conversion processes caused
by recombination (into n-H2) of radiolytically-produced monohydrogen. Our results indicate
that radiation levels depositing I W/cm3 can, if system catalysis is small enough, result in a
hydrogen makeup comparable to that of freshly-condensed normal hydrogen! For the more
modest situation at SNS, we might anticipate steady-stale ortho-hydrogen fractions ranging
from 0.0021 (almost thermodynamic equilibrium) in the case of very rapid system catalysis,
to 0.33 in the case of negligible system catalysis. From this, we can conclude that at reason-
able power densities, system catalysis can control the equilibrium level of ortho-hydrogen in
an irradiated hydrogen system. As a corollary, if catalysis is not carefully controlled in a high
radiation system, the ortho-hydrogen level will be neither controllable nor predictable.

Radiation may also impact the characteristic time for the hydrogen system to approach
this shifted equilibrium. Figure 2 shows the time to reach the dynamic equilibrium condition
from /1-H2, defined as the lime at which the ortho-hydrogen concentration is within 10% of its
final value (i.e., if the equilibrium ortho-hydrogen concentration is 0.0020, then the time
would be defined by when the ortho-hydrogen concentration fell to below 0.0022).
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Figure 1. Equilibrium ortho-hydrogen fraction under irradiation. Values of C,,n are in units of inverse
seconds.
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Figure 2. Time to reach dynamic equilibrium ortho-hydrogen fraction from n-H: under irradiation.
Values of C,,, are in units of inverse seconds.

3.2 Model .Sensitivity to Source Pulsing and Hydrogen Circulation

Additional studies, not described here, show that the pulsed nature of the energy deposition in
a pulsed source moderator does not significantly alter the qualitative behavior of the ortho-



para hydrogen system under irradiation. 113| In the case of either source pulsing or hydrogen
circulation in and out of the radiation field, we find that there are relatively small changes in
the levels of ortho-hydrogen, and larger changes in the neulronically-insignificant levels of
trihydrogen and monohydogen in the system, and only then at power levels significantly
higher than we anticipate in any spallation source or reactor environment.

4. FUTURK WORK

The preliminary nature of this model points the way to significant additional refine-
ments we find necessary. First of all, there is no energy balance condition. Ortho-hydrogen
converting to para-hydrogen at 20 K releases some 703 kJ/kg, significantly greater than the
latent heat of vaporization (443 kJ/kg). The energy released in this process must be included
with other energy source and sink terms in a temperaturedependenl refinement to our model.
This will introduce significant additional feedback loops to the system. Furthermore, many
practical hydrogen systems at neutron sources do involve exchange with a gaseous volume of
hydrogen, and the extension of our model to such a two-phase system is very similar to the
work done by Nelms and Carter; we anticipate no great difficulty doing so here as well. We
do not at the current time foresee a need to make a multi-point model, in which we would
consider multiple volume elements of either liquid or gaseous material, but such an extension
should be straightforward, if tedious. Further, the parameters and constants used in the model
have been assembled from different sources, each of which concerned different efforts done at
different times by different groups. An irradiation study conducted specifically to measure the
parameters used in this model would likely result in significantly more reliable estimates of
the key system parameters. Finally, the most important work we anticipate doing with this
model is to test its application to real systems, both currently operating neutron sources (ISIS,
the Lujan Center, the NIST reactor) and historical experiments as found in the literature.

5. CONCLUSIONS

Although our model is both limited in its scope and not fully tested, we find that it pro-
vides a number of qualitative insights into the likely behavior or liquid hydrogen systems un-
der irradiation. In typical neutron source configurations, our model indicates that

1. irradiation can provide meaningful levels of catalysis for ortho-lo-para relaxation.

2. recombination of radiolytically-produced mono-hydrogen can create a dynamic
equilibrium level of ortho-hydrogen significantly shifted from the thermodynamic
equilibrium level (that is. without radiation),

3. neither trihydrogen nor monohydrogen levels are neutronically significant, and

4. all effects, including those desired from external catalysis, can be considered
"averaged over time" in a pulsed source with a flowing hydrogen system where the
hydrogen flows out of the neutron field.

These conclusions are qualitative in nature, and will not alter given significant changes in the
numerical values of the constants used to analyze the system, or given minor changes in the
nature of the kinetics model. In the specific case of the liquid hydrogen moderators at the
Spallation Neutron Source, controlling orlho- and para-hydrogen levels is a question of ca-
talysis and power density. The dynamic equilibrium value of the ortho-hydrogen fraction may
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be up to 0.30 with low levels of system catalysis, and be nearly identical to thermodynamic
equilibrium with high levels of catalysis. Finally, any attempt to measure ortho-hydrogen
concentrations in an operating neutron source system must account for the "residual catalyst,"
from slowly-decaying trihydrogen, that can cause nearly instantaneous back conversion to
higher-temperature-equilibrium ortho-hydrogen levels in the measurement apparatus.
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