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1 Introductlon

C The development of h1gh mtensxty cold and very cold neutron )
G sources isone of the 1mportant problem in condensed matter neu- -
: ~.,:'.;fy.tron research and an fundamenta.l 1nvest1gat1ons W1th neutrons
ENE Ultracold ‘neutrons’ (UCN) (energ1es below ~"2 ¢ 10"76V);,‘.{j 3
"b,f'f,have proveri to be useful mstruments in sevetal 1mportant exper-. T
- ,:ilments in low energy. elementary part1cle physms [2]: the search
for the neutron electnc d1pole moment precise measurement of
o the neutron l1fet1me, the planned measurement of correlatlons in:o-
: 'f-,'neutron decay, and poss1ble experlments with unprecedentedly
’ "_ﬂhlgh sensrtmty to the energy and. momentum changes in"UCN .
",'f"scattermg and deV1at10n under the 1nﬁuence of external forces.
- ‘These exper1ments have one: feature in common —=- the time f
diagram of the’ exper1ment It generally consists of three parts o
~“in the ﬁrst part the storage volume is’ ﬁlled Wwith neutrons, in_: |
o - the second the. stored’ neutrons are. kept in the storage chamber, O
: for a long perlod of t1me and in the th1rdf the storage chamber aE
/is emptied and the neutrors that remain ar¢ counted with the ' ¢
. detector. The exper1menter needs neutrons from the moderatorf{
i only dur1ng the first short interval. TRIGA pulse reactors; wh1ch'f SN
- -are able to- produce the hlgh 1nten51ty pulses at 1ntervals of 10 ——I"J
o 20mm are most sultable for this kind of experlments S ‘
Due to the very low mean reactor power in this mode of oper- .
: f‘-at1on, 1t is pOSSlble to. use for cold neutron’ productlon the most -
BN prom1s1ng moderators very cold solid methane, deuter1um and
/.‘heavy methane, which can not bé used at h1gh ﬁux reactors be;}' .
<’ cause of the1r low heat conduct1V1ty at low" temperatures and® "
‘low radiation stability. From the'many d1fferent and partly used
'i\"methods of producmg UCN [3] only two are in .use now: ‘ex-
. traction of UCN at statlonary reactor from small-smed l1qu1di- o
"hydrogen moderator through vert1cal neutron gu1de (Serebrov s Oy
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of UCN achieved in experimental volumes are around 10cm™3.
To increase the precision and sensitivity of the experiments, the

UCN density is of crucial importance.

2 Geometry and method of calcula-
tion

The geometry of the reactor and moderator is shown in fig.1.
As a typical TRIGA reactor, we took the exact geometry of the
reactor core and the graphite reflector of TRIGA reactor of the
Atomic Institute of Austrian Universities (Vienna). To simplify
the calculations we use a homogeneous model reactor core com-
position (instead of heterogeneous): U — 11.5kg,.(20% 2*°U),

 Zr —130.8kg, H — 1.475kg, H,O — 20.52kg. The volume of the

core: ¢ = 49.5cm * 35.56cm.

Graphite reflector around the core: radial thickness 30.5¢m,
height 56cm.

The solid methane moderator (I' = 20K) is placed in this
model calculations inside the graphite reflector at three different
distances from the core boundary: 0, 13, and 32cm in the median
plane of the core. The aluminium cladding of the moderator
and the graphite reflector was not taken into account in this
optimization.

We aimed at realizing the optimal very cold (VCN) and UCN
neutron sources in the sense of maximum efficiency for neutron
production and the smallest heat load from reactor radiation.
The cold source consists of two parts: a premoderator of very
cold solid methane (the most efficient known cold neutron mod-
erator) and a final stage moderator (VCN and UCN converter) of
very cold solid deuterium {6, 7 or solid heavy methane C Dy4. The
advantage of deuterated converters in comparison with hydroge-
nous ones (in spite of their lower neutron cooling cross section)
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consists in the low capture cross section and the consequently
large effective depth of the UCN (VCN) coming out of the con-
verter. The purpose of the premoderator is to produce cold neu-
trons to irradiate the converter. The efficiency of the latter for
VCN and UCN production is highest when it is irradiated with a
cold neutron flux. The important criterion for the choice of the
converter is the finest overlap of the incident cold neutron spec-
trum with the excitation spectrum of the converter (the main
contribution of UCN (VCN) production in the converter comes
from single downscattering events). ‘

The Monte Carlo Neutron Photon (MCNP) [8] computer
code, including a powerful three-dimensional geometry and
source modelling capability, was used in our calculations of neu-
tron transport and moderation beginning from the birth of the
neutron in the fission event. Different forms and sizes of solid
methane moderators were tried in order to choose the optimal
one for the highest VCN and UCN production and the lowest

radiation energy deposition.

3 Results of calculations of UCN
(VCN) production

Figure 2 shows the calculated neutron spectra inside the graphite
reflector (without a cold moderator and neutron guide channel)
in three different positions of fig.1.b. Figures 3-5 show the cal-
culated thermal and cold neutron spectra for different cross sec-
tions of the neutron guide in the vicinity of the solid methane
moderators of three different forms (density of the moderator
n = 2.0 - 10®?molecules/cm®). In view of the fact that the op-
timal deuterated VCN and UCN converter has a thickness of
several cm, the form of the moderator of fig.5 is the preferable
one. The calculations of cold neutron fluxes from the cold CH,
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Fig.1.

e a. Reactor, cold neutron source, and neutron guide geome-
tries:

1. TRIGA core
2. Cold solid methane moderator
3. The first section of the neutron guide
4. Graphite reflector
e b. Three positions of a cold methane moderator in a

graphite reflector: distance from the core surface: 1—0cm,
2—13cm, 3 — 32cm.
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distances from the moderator surface: 1 —0cm, 2- 1.5¢cm, 3-3cm,

E,MeV ( methane moderator ¢10cm * lem in position 1 of fig.1b inside
|
| 4-6cm.

Fig.2. Neutron spectra (without moderator) in the three po-
sitions of fig.1.b inside the graphite reflector. The figures show
the distance from the core center.
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Fig.4. The same as in Fig.3 for the case where the methane
moderator has the form of a cup ¢10cm * 4cm with a wall thick-

ness of lem.
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Fig.5. The same as in Fig.3 for the case where the methane
moderator has the form of a cup ¢10cm * Tem with a wall thick-
ness of lem for distances from the moderator bottom: 1-Ocm,

2-3cm, 3-6cm.



moderators, having the form of fig.5, but with different thickness,
gave the following flux ratios: 1.0/0.93/0.92/0.78, respectively,
for moderators with thickness 1.0,2.0,3., and 4.0cm. From the
consideration of highest cold neutron flux and lowest energy de-
position, a moderator thickness of lem was chosen. Figure 6
shows the cold and thermal neutron spectra at the exit window
of the “cup” methane moderator in the three different positions
of fig:l.b of the moderator inside the graphite reflector. In any
of the calculations of figs.3-5 we did not take into account the
additional moderation and cooling of neutrons in the volume of
the solid D,, or C D4 converter because of absence of kernels for
these substances at low temperatures in ENDB/F library files.
In reality, moderation in the converter volume will increase the
UCN (VCN) flux.

Usually, for calculating the UCN and VCN production, the
so-called gain factor G(Ty, E,) is used [9, 10, 11], which may be
defined as the ratio of UCN yield from the particular “thick”
(compared to the VCN mean free path) and simultaineously
“thin” (in the sense that it does not influence the incident neu-
tron flux) moderator at a given temperature 75 in a given in-
cident neutron spectrum, and the yield from one consisting of
light water (or polyethylene) at normal temperature in equilib-
rium with the neutron spectrum. The latter case corresponds
to a Maxwellian low-energy tail flux at 300 K. The gain factor
is proportional to the UCN (VCN) production (downscattering)
cross section o4, and is inversely proportional to the cross section

of UCN (VCN) losses in the moderator oy,s:

G(Ts,En) ~ O'ds/o'loss- (1)
The VCN loss cross section consists of three components:
Oloss = Oc + Oups + O_Zw’ (2)

where o, is UCN capture cross section for the nuclei of the con-

verter, 0., is the cross section of UCN upscattering, o'} is the
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cross section of elastic incoherent scattering that decreases the
UCN free path length in the converter. The influence of the
last term may be diminished significantly by using UCN (VCN)
reflector surrounding the converter and thereby improving the
efficiency of the UCN extraction from the converter.

From the above expressions, the advantage of deuterated con-
verters is evident: in spite of the fact that the nominator of (1)
is larger for the hydrogenous converters, the low value of the
denominator for deuterated ones significantly compensates this
disadvantage. -

In order to take into account the geometric peculiarities of the
moderators, we used a more straightforward way in the present
calculations directly calculating the UCN (VCN) production rate
in the “realistic” neutron spectrum and separately simulating the
VCN exit from the converters.

The VCN and UCN production rate into the unit energy in-
terval P(Eycn) in the convertor may be calculated according to
the expression:

P(Byon) =n [ ®(E)o(T, E - Eyon)dE, 3)

where ®(E) is the primary neutron flux density, o(T, E — Eycn)
is the cross section of downscattering on the nuclei of the con-
verter for neutrons with energy E in the primary flux into the
unit UCN energy interval, and n is the mean number of nuclei
per cm? of the converter.

‘We used one-phonon incoherent approximation for calculat-
ing the downscattering cross section [12], and the Debye model of
phonon state density with Debye temperature Tp = 114K [13] for
the solid deuterium. This calculation gives the value 2.5-10~7%
for the downscattering cross section of neutrons with spectra of
fig.5 into the energy interval 0.1ueV in the vicinity of the final
energy E; = 0.525ueV (neutron velocity 10m/s) for low temper-
ature deuterium (this cross section almost does not depend on the

11
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Fig.6. Cold and thermal neutron spectra from the “cup”cold
methane moderator ¢10cm * Tem with a cup thickness of 1cm in
the three different positions of fig.1b inside the graphite reflector,
averaged over an ¢8cm area at a distance 6¢m from the modera-
tor bottom. Dotted curve 4 shows thermal neutron spectrum in
the position 1 of fig.1 without cold methane moderator.
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Fig.7. Exit probability of VCN with a vacuum velocity
Vyac = 10m/s from the converter ¢ = 8cm as a function of con-
vertor thickness at different reflection coefficients of VCN from
the side and bottom surfaces of the converter. For the case
CD, + 1%CH, and pure CD4, VCN losses in the converter are
determined by neutron capture by nuclei (0, = 5.1b/molecule
and 1.5b/molecule respectively), and incoherent elastic scatter-
ing oi7°, decreasing VCN mean free path (this cross section is
not known); we take ¢¥7° = 4b/molecule (dashed curve) and

Uzm = 10b/molecule (the dotted curve). For solid deuterium,
oi¢ = 4.058b/molecule. The angular distribution of reflected

‘neutrons obeyed the cosine law.
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deuterium temperature below 20 K and is proportional to E}/ 2).
For the mean neutron flux of fig.5 (corresponding to the nearest
position of the methane moderator to the reactor core) over the
converter volume (density n = 2.56 - 1022 D;molecules/cm?®), this

gives a VCN production rate of
P =13-10°VCN/s/ecm®/0.1ueV/MW.

In pure solid deuterium at T = 6K UCN (VCN) the capture
cross section is approximately equal to the upscattering cross
section, such that the neutron lifetime 7 = no;,qv:

T =~ 0.04s.

This gives an equilibrium VCN density in the above mentioned-
energy range of |

p=P.-7=52-10°VCN/cm3/0.1ueV/MW.

To the illustrate the reflector effect on UCN (VCN) yield, fig.7
shows the results of Monte Carlo simulation of the probability
of VCN going out from converters as a function of its thickness.
In these calculations, the neutron capture and elastic and in-
elastic (for the deuterium) scattering were taken into account.
These results show the importance of having neutron reflector
surrounding the convertor. This reflector may represent a su-
permirror layer covering the surface of the convertor or a sheet
of substance with strong density irregularities and a high value
of diffuse VCN reflectance. The most expedient material for the
reflector is graphite, for which a significant (up to ~ 95%) albedo
was measured for VCN [14].

Stationary VCN flux from the converter with volume V into
the neutron guide with boundary energy E;, taking into account
the VCN losses in the converter during their going out from the
converter into the neutron guide, is:

®=P.V.Y g, (4)
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where Y is the averaged over converter volume VCN exit prob-
ability,  is that part of the VCN phase space volume in the
spherical layer [0.475ueV < Eyon < 0.575ueV], which is ac-
ceptable for guiding through neutron guide. At Ep = 0.2peV,
n ~ 0.18.

For the converter size ¢8 * 6cm, the VCN exit probability
is ¥ = 0.4 if the VCN reflection coefficient from the side and
bottom surface of the converter is equal to 0.98 (fig.7). The
VCN flux emerging from the converter into the neutron guide
with diameter 8¢m and boundary energy 0.2ueV is:

dyon = 2.8-10°VCN/5/0.1peV/MW.
At the reactor pulse with prompt energy yield 10MJ, the VCN

" fluence into the neutron guide in the above-mentioned energy

interval will achieve:
- Uputse ~ 3+ 10"VC N/ pulse.

The ratio of cold neutron intensities (and corresponding UCN
(VCN) production rates) for hystograms 1, 2, and 3 of fig.6 (three
positions of the cold moderator inside the graphite reflector) are
1/0.49/0.23. '

In tne above calculation, we did not take into account ad-
ditional contribution to the UCN (VCN) generation in the con-
verter from incident neutrons with energies above 0.2eV.

- The most promising deuterated converters are not suitable for
horizontal UCN guides because of their large boundary energy
proportional to the scattering potential Ey = (R /2m)dn ¥; Nibi,
which produces the low-energy cutoff for the emergent UCN spec-
trum. These boundary energies for solid deuterium and heavy
methane are, respectively: Ep, ~ 90neV, and Ecp, = 190neV.
In order to restore this part of the neutron energy spectrum in
the storage, chamber it is necessary to use gravitational decelera-
tion by introducing inclined or vertical neutron guide components
between the UCN source and the storage chamber.

15



In addition to ordinary UCN losses in the converter due to
nuclear capture, upscattering and incoherent elastic scattering,
which decrease the VCN mean free path, additional important
effect may cause a significant reduction of the UCN (VCN) cur-
rent out of the converter. In disordered substance with strong
coherent scattering substance, like deuterated compounds, elas-
tic neutron scattering takes place from the fluctuations of scat-
tering length density due to inhomogeneities of the density of
the substance. Such elastic scattering may significantly decrease
the VCN mean free path and, hence, the effective source thick-
ness for the emergent neutrons. Recent measurements of UCN
production in solid deuterium [15] did not show any significant
influence of this effect on UCN yield. An investigation of this
phenomenon in the solid heavy methane would be desirable.

There is no experimental information on the scattering ker-
nel or frequency spectrum for heavy methane, which could be
used for calculatong the VCN production rate. Nevertheless, we
expect that heavy methane has a cumulative combination of the
advantages of deuterium in comparison with hydrogen, due to
its lower capture cross section, and the advantages of methane
in over hydrogen [16] due to its larger density and, especially,
due to the importance of low-frequency lattice vibrations and
rotational modes in the production of UCN (VCN). Therefore,
we hope that in spite the high value expected for elastic inco-
herent cross section of the heavy methane in comparison with
deuterium (and a lower VCN mean free path in the converter),
the UCN (VCN) production efficiency of heavy methane may be
higher than that of deuterium.
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4  Energy deposition in cold modera-
tor

The Table shows the results of our calculations for reactor radia-
tion energy deposition in a solid “cup” methane moderator (mass
130¢) and a solid heavy methane converter ($#8+6cm; mass 200g)
in the three different positions of fig.1b.

Energy deposition in a solid methane moderator and in a solid
heavy methane converter for the three positions of fig.1b.

Position 1 2 3
Wen (W/g/MW) 0.44 0.056 0.011
Wep (W/g/MW) 0.19 0.024 0.0043
Wit (W/MW) 95 12 2.3

The calculated energy deposition values may be compared with
experimental data on energy deposition in methane for the

- TRIGA reactor of Pennsylvania State University [17]. The mea-

surements were performed in a vacuum vessel placed 19 cm from
the core face. After extrapolation of their results to the core sur-
face according to the coordinate dependence of the neutron flux
density, we obtain W¢y, = 0.25W/g/MW , the difference may be
partly attributed to an unreliable extrapolation.

With the calculated energy deposition values for cold
methane and taking into account the known values of the heat
capacity of this substance for temperatures higher 10K [18] it
is possible to evaluate the heating AT of the moderator after a
reactor pulse with prompt energy release of 10MJ. The results
are:

AT =8.7K, 17K, 04K,

respectively, for positions 1, 2 and 3 of fig.1b.

17



At a pulse repetition rate equal to one reactor pulse (10MJ)
every ten minutes, the mean energy deposition in a cold methane

moderator would be: 5
W ~ 0.16W.

The heat capacity of heavy methane is not known, but it
should not differ significantly from the heat capacity of ordinary
methane (similar to small difference between the heat capacities
of cold solid deuterium and hydrogen). In this case, because the
energy deposition in heavy methane is significantly lower than in
methane, we may expect a lower increase in temperature in the
heavy methane converter.

The energy deposition in a solid deuterium converter is small
in comparison with that shown in the Table.

In above calculation, we did not take into account the energy
deposition in the aluminium walls of the moderator. From the
experience of the Dubna group in constructing large (~ 1kg)
solid methane moderator at the JINR IBR-2 reactor [19], we
may conclude that the energy deposition in all of the metallic

details of the moderator will add approximately 30% to the total .

energy deposition in the cold moderator.

5 Radiation damage

In this section we rely entirely on the experience of Dubna group
[19] which performed test runs of large cold solid methane mod-
erator at the pulse reactor IBR-2 at the energy deposition rate
in methane of >~ 0.14W/g. They found that changes in cold neu-
tron production with time were less han 0.2% after 15 hours of
continuous operation. Hydrogen production and polimerization
of the moderator substance are expected to be low according to
[19] if to place the cold moderator after graphite moderator (e.g.
position 2 of fig.1b).

18

6 Nonstationary transport and stor-
age of UCN

In [20], the simple method for nonstationary UCN storage in ex-
perimental chambers was described using well-separated pulses
from aperiodic pulse neutron sources. The possible installation
includes a comparatively short neutron guide (several meters
long) and a shutter at the entrance window of the storage cham-
ber. The nonstationary UCN (VCN) transport and storage was
rigorously simulated [21] for horizontal and vertical arrangements
of neutron guides of different forms, with realistic characteristics
of neutron losses due to imperfections in the surface of the guides.
It was shown that for the neutron guides of practical lengths (5-7
m) and typical surface quality, the UCN (VCN) flux decreases
3-5 times during transport.

Several important advantages of the proposed method of
UCN storage at aperiodic pulse reactors are evident:

1. Low mean power of the reactor: if the intervals between
pulses are about 10min, the mean neutron flux is only =~
2-10'°n/cm?/s. This means low radiation heating of the
cooled moderator and converter, which is important at very
low temperatures and low thermal conductivity [6, 7).

2. Low radiation damage and decomposition of the moderator
[19].

3. Very low neutron background during UCN storage and
measurements.

4. Possibility of using short neutron guides (several meters)
due to the low mean power of the reactor. This will permit
large losses of UCN to be avoided during their spreading
along the neutron guide.
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We performed Monte Carlo snmulatlon for the opttmrzatlon of ultracold and very

T cold neutron: sources for- TRIGA reactors. The calculations ‘of ‘thermal ‘and cold
- ,neutron “fluxes from ‘the TRIGA reactor for different positions and conﬁguratrons,

| of a: very cold solid methane moderator - were performed with’ using the. MCNP
v ~jprogram ‘The: productton «of neutrons in the ultracold ‘and very cold energy range’
| was calculated for the most promising final moderators (converters) very cold:solid
| deuterium and heavy methane. The radratlon energy deposrtton was '’ calculated, :
o ffor the optrmlzed soltd methane heavy methane cold neutron moderator '

The mvestrgatron has been performed at the Frank Laboratory of Neutron-
Physrcs, JlNR : o ‘
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