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Abstract. We have experimentally studied growing a large (about 1 liter) ortho-deuterium crystal in a real UCN source cryostat and recorded
the growing process optically using a camera. The best quality was observed when growing the crystal directly from a vapor phase. The crystal
was grown at different mass flows of deuterium and annealed at different temperatures. Optimum conditions were found for both, obtaining an
optically transparent crystal and cooling it down with minimal damage. We found that the quality, final shape and changes during annealing of
the crystal are very much dependent on the temperature profile of the cryostat walls.

Keywords: Solid deuterium, ultra-cold neutrons

1. Introduction

Deuterium is one of the best slow-neutron source materials due to its effective moderating properties and low
absorption cross section [23]. It is intensively used for the production of cold neutrons (CN) [1,7,9] and ultra-
cold neutrons (UCN) [4,11,12,25,31] and is proposed to be used for very cold neutron (VCN) sources as well
[2]. Nevertheless, there is a distinctive difference between CN and UCN sources: the former use liquid deuterium,
while latter benefit tremendously from increased UCN production cross section of solid deuterium [24]. The caveat
is that the internal structure of solid deuterium crystal can affect significantly the neutron yield by decreasing it
below theoretically predicted value.

In general, this is related to the fact that the lower the neutron energy, the higher probability of losses and shorter
the absorption length. Indeed, the absorption length, L,, for CN is in the 100 m range and for VCN in the 10 m
range, which is much larger than the typical neutron path in the source and neutrons can escape from the source
without being lost. Now, if one looks at the UCN sources this is not the case: here L, decreases to a few cm, which
is smaller or comparable to the dimensions of the solid deuterium crystal itself.

Another difference between CN and UCN sources is their figures of merit: for cold neutrons it is usually integral
neutron flux or brightness, while for UCN sources in most cases it is the neutron density Nycn, which under steady-
state conditions is a product of UCN production rate P and neutron survival time 7 in the source Nycy = Prt. In
the ideal case of negligible other losses (discussed in the next section), the survival time in deuteriumis t = L, /v,
where v is neutron velocity. Therefore, neutron survival and escape probability critically depend on the distance
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L traveled inside the deuterium bulk: only if L < L, the neutron has a significant chance to leave the source.
A deuterium layer for production of extractable UCN should therefore be thinner than L, calculated with the
maximum UCN velocity.

To estimate the UCN density in the experiment, Nexp, we also have to account for the transmission probability
from the deuterium bulk to the experimental set-up, Texp, which is proportional to the probabilities of transmissions
through the bulk, Ty, the top layer of the crystal, Tiop, and transport through the neutron guide, Tgyide, i.€.,
Nexp = Pt Toulk Ttop Tguide- Elastic scattering on imperfections and grain boundaries in the bulk increases travel
inside the bulk and reduces Ty (see a comprehensive discussion and simulations about the bulk transmission
in [22]), while imperfections of the deuterium/vacuum boundary decrease Tiop [3]. Therefore, to achieve ultimate
density it is imperative to know how to grow crystals with good quality of both the bulk and surface. One easily
accessible evidence of good crystal quality is its optical transparency/opacity. While an optically transparent crystal
still can be mosaic and increase L due to elastic scattering on some density fluctuations compatible with the UCN
wavelength, the opaque crystal with visible numerous imperfections was experimentally confirmed to have worst
transmission [13]. In the present publication we report results of our visual monitoring of solid deuterium crystals
grown in the real UCN source cryostat under different conditions relevant to operation of UCN sources.

2. Solid deuterium properties related to ultra-cold neutron production

In this section we will review several properties, important for understanding our results on growing a solid
deuterium crystal (SD3). SD; is a quantum molecular crystal with a weak intermolecular interaction and a large
zero point energy. Its properties have been well studied, see for instance the review of Silvera [26]. First we need to
mention a strong temperature activated diffusion above 9 K, where diffusion activation energy is Ep/kp = 290 K
[26,30]. The diffusion coefficient D = Doexp(—Ep/kpT), where Dy = 2.3 X 10_3cm2/s, changes 7 orders
of magnitude between 9 K, and the triple point Tyjple = 18.7 K. Due to such high mobility it is possible to
grow quite good quality single crystals near the triple point. The problem is that most experiments require much
lower temperatures and during cooling cracking can happen, leading to degraded quality. The cracking is the result
of a strong temperature dependence of the molar volume, which changes from 20.4 cm? /mol at Tiiple down to
19.95 cm? /mol at 10 K as shown in Fig. 1(a) [17]. Nevertheless, it turns out that SD, demonstrates the so-called
“triple wetting” phenomenon, which means that above Ty;ple a film of D, molecules can be of infinite thickness,
while below Tiiple Wetting coefficient exponentially drops (Fig. 1(c), [28]) and only a few monolayers thick film
can stick to the surface of the container, while the bulk is growing as islands of SD; crystals. In other words,
below Tiiple deuterium molecules prefer to stick to themselves. This property can help in successful cooling of
SD; crystals by annealing long enough to allow SD, to move off the walls.

In connection with UCN production, we also need to mention that only the ortho-deuterium spin species must
be used to avoid additional losses. Indeed, ultra-cold neutrons are produced not by the moderation process, which
results in thermal equilibrium of neutrons with the moderator. UCN in SD; are converted from higher energies (cold
neutrons) to neV range by a single down-scattering and are not in thermal equilibrium with the deuterium converter.
Therefore, upon secondary interaction with SD,, UCN can gain energy and turn back into a cold/thermal neutron.
There are two possible up-scattering processes: absorption of a phonon or a spin flip. The latter converts the para-
deuterium (corresponding to the lowest rotational band with odd rotational spin J = 1) to lowest ortho-state with
even J = 0[19]. Phonon density can be reduced enough to be neglected by cooling the crystal below 5 K, while the
spin flip cross section is temperature independent and can be only suppressed by reducing the para concentration
below 1%. In addition, the concentration of HD molecules also should be kept well below 1% to avoid losses due
to absorption and upscattering on hydrogen (hydrogen o, = 0.3263 barn, deuterium o, = 0.000519 barn).

Important thermodynamic properties of SD, are the saturation pressure and thermal conductivity shown in
Fig. 1(b) and (d), respectively [16,29]. Note that the saturated pressure was measured in [29] for “normal” deu-
terium, which is an equilibrium concentration of para and ortho molecules at room temperature. In [6] a difference
in the saturation pressure between ortho and para species was studied down to 15 K and ortho pressure was found
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Fig. 1. Temperature dependent properties of solid deuterium below the triple point: (a) — molar volume; (b) — saturated pressure; the insert
shows it (also in mbar) below 10 K on a logarithmic scale; (c) — film thickness; (d) — heat conductivity.

to be only about 6% higher, which is not reflected in Fig. 1(b), because what we want to emphasize here is that
the saturation pressure, similar to the diffusion coefficient and molar volume is rising noticeably only above 10 K
[29]. In contrary to the weak pressure dependence, the thermal conductivity and heat capacity can change quite
dramatically [10] depending on the relative concentration of ortho- and para-fraction. The thermal conductivity has
a maximum at around 4 K, while dropping 2 orders of magnitude near the triple point. Such behavior means that
above 4 K if there is a temperature gradient in SDy, the hot layer will be rather small and the crystal would mostly
be cold.

3. Experimental setup overview

For optical Raman studies small single hydrogen crystals of several cm? size have been successfully grown from
vapor at 0.7Tyiple temperature to avoid cracking [26] (for deuterium 0.7 Tyjple = 13 K). 0.7Tjpe Was chosen em-
pirically, considering that there is almost no more change in the molar volume below this temperature, while there
is still some mobility due to non-negligible saturation pressure and non-zero diffusion (see Fig. 1). The crystals
were grown up to 11.5 cm length in small cylindrical cells of 1 cm diameter, in a well controlled temperature en-
vironment. Crystal growth started from walls and only in the center there were some imperfections. Slightly larger
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Fig. 2. Cross-sectional view of the experimental set-up: the camera was located outside the vacuum jacket; a warm optical window was
mounted on the vacuum jacket, another one on the cold cryostat flange; LED light source was mounted inside the vacuum jacket; a mirror with
an adjustable angle was located inside the inner vacuum. Deuterium was solidified in the D-container at the bottom part of the cryostat. The
insert shows a 3D-rendering of the D-container including locations of the instrumentation: a heater made of NiCr wire; two Cernox temperature
sensors, one located at the LHe inlet, another just below the heater on the outer wall of the container; a holder made of PEEK with 4 calibrated
diodes ( lakeshore, DT-670-SD ) separated vertically by 1 cm and positioned inside the container to probe temperatures directly inside the SD;
bulk.

sample cells with optical windows were used in [5,8] and in studies of SD; growing from liquid and vapor phases
[21], for studies with cold and ultra-cold neutrons with different degrees of success. Such geometries have an es-
sential difference from a real UCN source, with its much larger SD, volume, unavoidable temperature gradients
in the container walls, and a large open top surface of SD; needed for UCN extraction. As the present study has
revealed, these differences do matter. Therefore, for a successful operation of a UCN source it is important to do
tests in the real source cryostat.

The overall design of the PULSTAR UCN source is described in [15]. The source is designed to be installed
inside the former thermal column of the reactor. Nevertheless, flexibility of the helium transfer lines allowed us to
assemble the source cryostat outside the biological shield and test the growing of SD; in situ. The experimental
layout is shown in Fig. 2. Since the cryostat has an elbow shape, a “dentist mirror” setup was used to observe the
bottom part of the elbow, called D-container, where the SD, condensed [20]. The D-container has double walls
with cooling channels, which distributed cold He flow from inlet all around the bottom plate. Depending on the
required temperature of the cryostat, either cold He gas or two-phase flow was delivered to the He inlet through
6 mm O.D. tubing. The cold flow was returned back to the liquefier through an exhaust outlet at the side wall of
the D-container. The O.D. of tubing connecting the outlet to the liquefier is gradually increasing from 9.5 mm to
12.5 mm to avoid LHe flow oscillations. The container was made from Al6061 alloy and electron beam welded
to the neutron guide elbow above through a so-called “gradient ring” made of Zr-4 alloy explosively bonded
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to Al6061. Since Zr-4 has a much smaller thermal conductivity than Al6061, the ring thermally decoupled the
D-container from the neutron guide elbow to allow for about 20 K temperature gradient. This design prevented
deuterium condensation on the neutron guide wall of the elbow.

To monitor temperatures, there were three Cernox sensors located at the inlet (one sensor) and at the top of the
container just below the gradient ring (two sensors). The temperature of the exhaust helium was measured by a
diode located in the LHe transfer line about 3 meters away. In addition, specially for the present test a plastic holder
with four calibrated diodes (Lakeshore, DT-670-SD) was positioned inside the D-container to probe temperatures
directly inside the deuterium. The diodes were separated vertically by 1 cm and are labeled by their distance from
the bottom of the container as 1 cm, 2 cm, 3 cm and 4 cm. These diodes were providing temperatures in the
bulk, while surface temperature (when not condensing) was characterized by gas independent pressure gauges.
To control the cryostat temperature and to facilitate melting and evaporation, a heater made from NiCr wire was
placed in the groove just below the gradient Zr-4 ring.

4. Growing solid deuterium at different temperatures

We have studied SD; condensation under different thermal conditions, which can be summarized as “low tem-
perature range” (deposition at operational temperature of UCN source around 6 K), “high temperature range”
(above 14 K, i.e., close to triple point) and “intermediate temperature range” (12 K-9 K). As one can see below,
the crystal bulk is very different in quality. In addition, our study revealed a problem of surface frost formation
during cooling and accidental temperature instabilities.

4.1. Low temperature range

The low-temperature deuterium deposition was motivated by the Mainz UCN source mode of operation [27].
This facility has a horizontal geometry of the cryostat and can deposit deuterium only from vapor at an operational
temperature of the source around 7 K. The Mainz team had tested different deuterium flow modes, verifying crystal
quality by the observed UCN yield but without optical control [18]. The best results were obtained with a “slow
deposition” rate of about < 3 mm/h at a flow rate of about 0.3 stl/min. In our setup, the goal was to verify the optical
crystal quality at similar conditions. The first deposition was made at a D, pressure of 10 mbar and a flow rate of
0.3 I/min. As can be seen in Fig. 3(a) and (b), the deuterium does not cover the container with a smooth layer. It
rather grows as 3D crystallites (looking very similar to water hoarfrost), which are slowly merging with each other.
This is a direct consequence of the triple-point wetting feature of solid deuterium. In Fig. 3(b) one can also notice
that there are more holes near the walls. We have not used the heater in this run, but the walls are warmer because
of the heat leak from the elbow and obviously, deuterium condenses preferably toward the center. An interesting
observation was that a crystallite layer growing on the walls was bending and falling down to the bottom (a ring
near the walls in Fig. 3(b)). Nevertheless, the crystallites themself look dense. On the other hand in Fig. 3(c), one
can see fluffy snowflakes, which are the result of a high flow rate of > 2 1/min and a maximum D, pressure of
250 mbar for about 25 min. At the end of the condensation the crystal height was about 3 cm (the diode labeled as
3 cm was just covered). Interestingly, this was the only run where a gradient of about 0.5 K was observed between
readings of the embedded diodes. In all following runs the temperature difference was below 0.1 K after the end
of condensation.

After deposition, the crystal was annealed using heaters at 12 K (top of D-container) overnight, which resulted in
the merging of hoarfrost into a bulk of a few mm sized, rather transparent than opaque crystallites. The embedded
diodes were showing 8.75 K (1 cm), 9.5 K (2 cm) and 10 K (3 cm) right after the heater was switched on and slowly
cooling and approaching each other throughout the annealing process. After 15 hours of annealing the readings
were 7.25 K (1 cm), 7.75 K (2 cm) and 8.75 K (3 cm), which is the result of improved thermal conductivity due to
formation of larger grains. After this intermediate annealing we tested the deposition at increased flow rates, using
0.1 I/min step increments. At a flow rate of about 0.8 I/min the newly deposited layer became transparent and at
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Fig. 3. Crystal growth in the low-temperature range. (a) — and (b) — different stages of condensation at deuterium flow of 0.3 I/min, (c) — after
accidental D, flow increased over 2 I/min for 15 min, (d) — crystal annealed at 12 K overnight at D, flow of 1.2 /min.

1.2 I/min the surface became very shiny (see Fig. 3(d)). The conclusion is that such flows facilitate the increase
of SDy surface temperature close to the triple point, producing a “polishing effect” in the thin top layer. As was
mentioned above, due to the thermal conductivity rising towards 4 K, such a layer would be rather thin. Indeed,
the embedded diodes showed temperatures below 13.2 K, 12.5 and 11.5 K for 3 cm, 2 cm and 1 cm respectively.
After the deuterium flow was stopped, the gradient between the diodes at 2 cm and 3 cm became < 0.2 K, while
between the diodes at 1 cm and 2 cm it was still 0.5 K meaning that such high flows had an annealing effect on
the top of the crystal, while the bottom was still rather heterogeneous. As a result of the flow study, the conclusion
was drawn that in our setup the flow should be > 0.8 I/min to produce a transparent crystal. Such flow rates were
used in all our consecutive runs.

4.2. High temperature range

Our temperature reconstruction shows that the optimum temperature range to produce transparent crystals cor-
responds to the coldest cryostat spot temperature, Teoig > 12 K, which is consistent with the 0.7Tjpie rule. The
beginning of crystal growth at T¢og = 14 K is shown in Fig. 4(a) and (b). The crystal looks absolutely transparent.
The deuterium flow was 0.8 1/min, helium inlet was at Tipee = 8 K, helium outlet Toyger = 17.5 K, and top of the
container was at Tiop = 17.5 K. This was our first high-temperature run, when we were just learning how to control
the temperature. In this particular run the increased temperature was obtained by reducing the cooling He flow. At
one moment the flow was interrupted and deuterium was quickly evaporated and then re-deposited. As one can see
on Fig. 4(c), fast re-condensation has not produced a good crystal even at such high temperatures. Therefore, both
conditions of optimum flow and temperatures must be fulfilled for a good result.
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Fig. 4. Deuterium condensation at high temperature range: (a) and (b) — transparent crystal growing at Tipjee = 8 K, Trop = 17.5 K,
Toutlet = 17.5 K, (c) — crystal re-condensed after accidental fast evaporation, (d) — another run, crystal is grown initially at Tiyer = 7 K,
Tiop = 15.8 K, Toygier = 16.5 K with deuterium flow of 1.3 I/min gradually slowing down to 0.7 I/min, full inventory condensed.

Later we improved our technique of successful high-temperature runs. An example of condensation of an about
1000 cm? large crystal is shown in Fig. 4(d). This condensation was made without the use of heaters to avoid
temperature gradients (see Section 5). Instead, we regulated the He flow down to keep the container at the initial
temperature of 9 K (measured by the pressure of residual D, film before opening the D, flow). After starting
deuterium flow, the helium inlet was at Tiper = 7.5 K, helium outlet Toyger = 16.3 K, and top of the container
was at Tiop = 15.8 K. The initial deuterium flow was 1.3 I/min to use the heat of condensation to keep the top
layer warm enough for self-annealing. The flow was gradually reduced toward the end of condensation (because
of reduced pressure in the storage tank) to let the crystal cool naturally to 13 K over several hours. This strategy
worked best for our set-up and was adopted as a procedure to grow deuterium for future runs with UCN.

4.3. Intermediate temperature range

Condensation in the intermediate temperature range was done using a combination of a high cooling flow and
a high power of D-container heaters in an attempt to warm up the walls of the container to the conditions similar
to the run shown in Fig. 4(a) and (b). The top of the container was at 16 K, Tiyer Was at 7.5 K, but the He outlet
temperature was only 13 K compared to 17.5 K for the high-temperature run. Different stages of condensation
are shown on Fig. 5, with (¢) showing about 350 cm? condensed volume and (d) corresponding to the end of
condensation of about 800 cm?.

The crystal grown in the intermediate temperature range looks different from those obtained in the low- and
high-temperature runs. In the middle, the crystal looks semi-transparent at the beginning (Fig. 5(a)). Then the
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Fig. 5. Deuterium condensation at intermediate temperature range: (a) and (b) —5 min and 50 min after the start of condensation; (c) — 350 cm3
of SD» condensed; (d) — about 800 cm? of SD» condensed.

center transforms to small crystallite-like bulk (surrounded by a semitransparent halo) (Fig. 5(b)), with grains
gradually growing in size, as visible through Fig. 5(c) toward Fig. 5(d). The structure of the latter looks similar
to the annealed version of the low-temperature crystal shown in Fig. 3(d). A peculiarity of this run is the fact that
even an 800 cm? crystal does not cover the entire bottom of the container. Another peculiarity is that the embedded
diodes were covered later, and only after a larger deuterium mass had flown to the cryostat than in any other run.
The explanation of both peculiarities requires a better understanding of the effect of a large thermal gradient on the
crystal shape, as described in the next section.

5. Effect of temperature gradients on crystal shapes

A temperature gradient along the walls of the cryostat can affect the crystal, especially in geometries with a large
free surface. As was described in the Section 2, solid-deuterium properties are strongly temperature dependent
above 10 K. The consequences are somewhat different for deuterium condensation, depending on whether T¢q)q is
below (“cold” gradient) or above 10 K (“warm” gradient).

The cold gradient was present in the condensation at intermediate temperature, described above in Section 4.3.
Based on our temperature reconstruction during condensation (Fig. 6(c)), the T,oq for this run was 9.3 K and
the temperature gradient between Tiop and Tecolds Ttop — Teold = 7.5 K. Under such conditions the deuterium was
freezing in the center of the cryostat, avoiding the warmer walls. The embedded 1 cm diode was showing about
12 K after it was covered with deuterium. As one can see from the image (c) of Fig. 5, only about 2 cm outwards
of the diode was covered with a rather transparent and thin layer. Our approximations of the resulting shapes for
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Fig. 6. Effect of temperature gradient on the shape of the crystal: (a) and (c) — shape and temperature reconstruction of 350 cm? condensed Dy
at cold-gradient conditions; (b) — shape reconstruction of 800 cm? condensed at cold-gradient conditions, (d) — crystal shape after overnight
annealing under warm-gradient condition.

the 350 cm? and 800 cm? condensed volumes are shown in Fig. 6(a) and (b). The height of the crystal on image
(b) is about 15 cm. Apparently, in this case deuterium was not covering the walls with a temperature above 13 K.
This is different from the warm-gradient case, where deuterium covers the entire bottom during condensation.
Nevertheless, the warm gradient does affect the shapes, although not so much during condensation.

The first observation of a warm-gradient effect was accidental, due to the schedule of the PULSTAR reactor,
which operates only during the working office hours of the university, usually from 7 o’clock till 16:30. As a result,
our first condensation runs were done in separate steps throughout several days. When the crystal condensation
shown in Fig. 4(c) was stopped at 90 cm® and left overnight at 12.5 K, a completely different shape was observed
in the morning. Another portion of 100 cm® was added and the crystal again left overnight at 12.5 K. The result
is shown in Fig. 7(a). Due to the combination of evaporation — re-freezing (at 1 mbar), high diffusion at higher
temperatures of the wall and the “triple wetting” properties, solid deuterium transformed itself into a ball shape,
weakly connected only to the coldest spot in the middle of the container. It also avoided the diode holder.

Later we repeated such overnight annealing and recorded a movie, which can be seen here [14]. Three images
from the movie are shown in Fig. 7(b), (c) and (d). Image (b) was taken near the end of condensation, when the
crystal covered the entire bottom. Image (c) was taken only 3 hours later, but the thinning of edges was already
quite visible. Image (d) was taken 11 hours later, when most of the deuterium had already moved to the middle.
The last image in Fig. 7 looks similar to Fig. 5(b), with the thin film halo surrounding the blob in the middle,
only the bulk quality of the middle is different — milky or transparent. Our shape reconstruction of the 190 cm?
condensed sample after overnight annealing is shown in Fig. 6(d).

In any case, both warm and cold gradients need to be avoided to keep the crystal as flat as possible. Crystal
deformations can affect the angular distribution of extracted UCN and potentially reduce the UCN yield of the
source. Indeed, in the ideal case of a flat crystal, the emitted UCN trajectories are preferentially parallel to the
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Fig. 7. Effect of temperature gradient on the shape of the crystal: (a) — crystal shape after overnight annealing at 12.1 K, 190 cm? of deuterium
condensed, (b) — another run, right after deuterium flow stopped, (c) and (d) two intermediate stages of shrinking.

guide surface due to the kinetic energy gain along the normal to the crystal surface. Such focusing increases
the extraction of high energy neutrons, while if the shape is more spherical, the effect of focusing disappears.
Such a change of crystal shape might have caused the decrease of the slow VCN part of the spectrum at Mainz
after annealing, described in [18]. In the extreme case of a columnar shape (as occurring in the cold gradient
condensation), neutrons are accelerated towards the walls, which is the worst case.

6. Cooling down to operational temperature and the surface frost problem

In the section above it was described how to grow a transparent bulk crystal and avoid crystal shape deformations
to facilitate good UCN transmission. Another effect, which strongly affects UCN yield even from a perfect crystal,
is the quality of the crystal surface. The main culprit is a surface frost, which dramatically increases the probability
of a neutron to be reflected back into the bulk of deuterium. In the present study the surface frost/facets formation
of different degrees was observed during each cool-down when crystal temperature was approaching 11 K (see
Fig. 8(a)). The faster it cooled down, the more facet/frost formation was visible. In the extreme case of very rapid
cooling from Tiple to 14 K, the transparent crystal became completely black.

Only frost formation (no facets) was observed during accidental LHe flow instabilities and intentional “heat
pulsing”. The result of an accidental slow LHe flow oscillation is visible as a dusty surface on the image in Fig. 8(c).
In this case there were four warming-cooling cycles of approximately 30 min between crystal temperatures of 9.5 K
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Fig. 8. Surface frost and facet formation: (a) — facets/frost formed during cool-down, when crystal temperature drops below 11 K; (b) — surface
annealed by a 20 min temperature rise to at maximum 14 K due to a bubble in the LHe flow: (c) — surface dusted with a frost after LHe flow
instability, crystal temperature was slowly oscillating 4 times between 9.5 K and 14 K during 2 hours; (d) — after 54 intentional heat pulses,
crystal temperature was oscillating between 8.5 K and 9.7 K.

and 14 K. The frost here is not well visible, which is in contrast with the image in Fig. 8(d), where results of our
following intentional pulsing are shown. In this run the temperature of the crystal was oscillating between the
base 8.5 K and a maximum of 9.7 K. This first run of intentional pulsing is described in [3], where a problem of
continuous slow decline of UCN yield at pulsed UCN sources was discussed in great detail, including simulations
of the UCN yield versus frost thickness.

The crystal shown on Fig. 8(a) was also treated with the heat pulsing, but at lower temperatures. The base
temperature was 7 K and the maximum was 8.4 K. No visible frost formation was observed in this case. The only
effect was an accidental annealing of the surface by a 20 min temperature rise to the maximum 14 K due to a
bubble in the LHe flow shown in Fig. 8(b). Later we were able to reproduce such annealing again, intentionally
interrupting the LHe flow for a moment.

7. Conclusions and recommendation for design of solid-deuterium UCN sources at ESS

The main conclusion is that it is possible to grow a SD» crystal of a good quality for UCN production. The quality
and shape of the crystal are defined by the temperature profile of the cryostat walls. Therefore, when designing
a UCN source one must take care about: (a) modeling of the thermal performance of the cryostat; (b) design the
temperature sensor locations in such a way as to be able to characterize the temperature profile of the cryostat
walls; (d) provide a cooling power sufficient to keep the SD, temperature as close to 5 K as possible to avoid frost
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formation; (e) design the LHe system in such a way as to avoid flow instability, minimize temperature gradients,
and allow growing the crystal in the high temperature range. Special care must be taken about the surface frost
formation. If possible, provide for testing of the crystal growth and surface annealing in the real cryostat before
final installation.

The goal of the present study was to investigate and optimize growing of deuterium for the sources utilizing
rather large SD; crystals. Nevertheless, a different approach to UCN production was proposed a long time ago,
which uses a thin film of solid deuterium [32]. Such a source can use a film of a 1 mm thick layer of SD,. The
main advantage is the possibility to accumulate UCN up to the saturation density, which does not depend on the
geometry, volume or area of the source vessel. It is much easier to keep the thin film cold. An in-beam configuration
can be rather transparent for cold neutrons (and allow the beam to be used by other experiments) and the practical
realization can be quite simple. The shape of the source vessel can be easily adjusted even to a divergent neutron
beam. While the intensity would be lower than that of a LHe source, it can be used as a test UCN source (similar
to the test beam at the PF2 facility at ILL). The main cryogenic challenge would be to keep gradients at a very
minimum to prevent film migration.
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