Production of very cold neutrons
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The output of very cold neutrons (VCN) from different thin plates-converters at tempera-
ture T, exposed to an isotropic thermal-neutron flux with a Maxwellian spectrum at tem-
perature T is calculated. It is shown that for a number of media (polyethylene, zircon-
ium hydride, beryllium, etc.) the VCN output at fixed T, increases appreciably as the
converter is cooled. The VCN yield of aliminum and magnesium is not very dependent on
T, and this is connected with the relatively low neutron heating cross section as com-
pared with the capture cross section of these media. It is concluded that, when the VCN
are obtained from a thin surface layer of the moderator, it is sufficient to cool the sur-
face layer or the converter and not the moderator as a whole. The calculations have been
verified experimentally using the VCN channel of the pulsed IBR-30 reactor. The meas-
ured VCN yields of different converters are found to be in agreement with the calcula-
tions. The cooling of polyethylene or zirconium hydride converters from room tempera-
ture down to 130°K and 90°K was found to lead to a smaller increase in the VCN flux than

was predicted by the calculations.
In our previous papers'?] very cold neutrons (VCN),
i.e., neutrons with energies E ~ 107 eV, were obtained
from a thin-plate converter exposed to the thermal neu-
tron flux. It is well known that an increased VCN output

can be obtained from a reactor by cooling the moderator.

In the case of VCN obtained from a thin surface layer of
the moderator, which is of the order of the VCN mean
free path (<5 mm), it is sufficient to cool only this sur-
face layer, or the converter, and not the moderator as a
whole.[®*]

We have calculated the VCN output of different con-
verters at temperature T, exposed to an isotropic
thermal-neutron flux with a Maxwellian spectrum at
temperature T,. A partial experimental verification of
the calculations was carried out in the VCN channel of
the pulsed IBR-30 reactor.

1. METHOD OF CALCULATION

Consider a flat converter inside the horizontal VCN
channel (Fig. 1). As a result of total reflection, all neu-
trons leaving the converter with energy

E <Uy= (41*/ m)nnyby

can propagate along the channel, where ny, is the density
of nuclei, by, is the coherent neutron scattering length of
the channel wall, m is the neutron mass, and for copper
walls U, ~ 1.7 x 107" eV. The flux of neutrons with en-
ergies between E and E + dE leaving 1 ¢cm? of a conver-
ter of thickness d can be written in the form

- d n/2 .
O(E)dE = dE [ @, (E')no (E' ~ E)dE' [ dz | W (£,2,6) 2“—52“—"ﬂ.

0 o ] T (1)
In this expression d)T(E')dE’ is the flux of neutrons with
energies between E’ and E’ + dE’ which are intercepted
by the converter (we are assuming that this flux is uni-
form throughout the volume of the converter), n; is the
density of nuclei in the converter, ¢(E’ — E)dE is the
cross section for the inelastic scattering of neutrons
with energy E’ into the energy interval E + dE,

zncoi(E) )

W(E,z, B)=exp(—— g

is the probability of escape of a neutron of energy E
from a layer dx at a distance x from the surface of the
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FIG. 1. Initial part of the neutron guide for very cold neutrons: 1—
VCN converter exposed to the isotropic neutron flux, 2—vacuum neutron
guide.

converter, 6 is the angle between the normal to the con-
verter surface and the direction of escape of the neutron,
and Ut(E) is the total neutron cross section of the con-
verter material. For the moment, we are ignoring the
reflection of neutrons from the converter-vacuum boun-
dary.

Integrating Eq. (1) with respect to x and 6 and assum-
ing that the converter thickness is d > l/nc"tr we obtain
the total VCN flux in the energy range between zero and

Uyt
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Direct utilization of Eq. (2) for calculating the VCN
output of different converters is not possible because of
the absence of experimental data on the cross sections
oy and o(E’ — E)dE in a broad range of energies and
converter temperatures. We note, however, that by vir-
tue of the 1/v law, the capture cross section o, and the
inelastic VCN cross section

Ope= J' o(E ~ E')dE’
0

are much higher than the elastic cross section. There-
fore, using the principle of detailed balancing
6(E ~ E'YEexp (—E / T;) = 6(E' —~ E)E" exp (—E' / T¢),

we can write the total cross section in the form

o(E)= 0.+ 0pe 3)
=[0.(B)EME-"+ E-" [ [o(E" ~ E)E-*1E'exp (————) ",
° c
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All the quantities in the square brackets in Eq. (3) are
independent of E, and E, is a certain fixed energy.

Substituting Eq. (3) in Eq. (2), and assuming that the
converter is exposed to a Maxwellian spectrum of
thermal neutrons having a total flux &, and temperature
Ty, i.e.,

N E
r(E) =B exp (=)
we find that when E < Tc
(D=_1c[),, jEG(T,.,TC)dE=%®,UW*G(T,.,TC), (4)

where

- P
G(T,, Te)=To™ _[E [o(E" -~ E)E-"]exp (— T_) dE’
n
o

-1

X{ [0.(E)ES" 1+ [[o(E' ~ E)E-*]E" exp(——E’/Tc)dE'} (5)

is independent of the energy E of the escaping VCN, and
is determined only by the converter characteristics.

The inelastic cross section in G(T‘n, T,) can be cal-
culated by using the single-phonon incoherent approxi-
mation.[® In this way we obtain

’

G(Tn,Tc)=—T1‘-‘-Z—].E"/'g(E')exp (— fn, ) (1— exp(——f—)) - dE’ -

c

’

x{ 0. (E)E!" 6,4 +]‘ E"hg(E')exp(—f—') (1 — exp (—%)) - dE’} -

c
(6)
where g(E’) is the normal vibration spectrum of the con-
verter, og is the total scattering cross section of the
bound converter nuclei, and A is the converter mass
number. In deriving Eq. (6), we assumed that the Debye-
Waller factor was unity.

In the absence of capture, and when the neutron gas
temperature is equal to the converter temperature, we
find from Eq. (4) that

@, Uy?

Q=—r—
Tn? ’

8

which corresponds to the area of the VCN region in the
thermal-neutron spectrum.

Calculations of G(Ty, T,.) for a number of converter
materials are shown in Tables I—V and in Fig. 2 [for

convenience, the function G(T,, T) is normalized so that

it is equal to unity for polyethylene at T, = T, = 300°K].
The frequency spectra were taken from(®-°], The accur-
acy of the calculations can be judged, to some extent,
from Fig. 3, which shows the calculated and experimen-
talt®1°] jnelastic scattering cross sections crneE‘/2 con-
nected with the neutron heating.

Calculations have shown that when multiphonon scat-
tering is taken into account. this does not affect
G(T},, T.) by more than 15%. The use of the incoherent
approximation for such coherent scatterers as Al, Mg,
and Be might give rise to some reservations. However,
it was noted, for example, int3J that the correction for
interference effects in the case of an integral parameter
such as the total inelastic cross section does not exceed
20% in the majority of media.

It is clear from Fig. 2 that, in the case of polyethy-
lene, zirconium hydride, and beryllium, the VCN output
at constant neutron-spectrum temperature increases ap-

preciably as the converter is cooled down. This phenom-
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TABLE IL. G(Ty, T¢) for beryllium

T, °K

w0
=3
S

4 l 20 l 40 I 80 I 150 l 220 ‘

=]
J

N—=

aumounoo

woomw

wooMdmw
Awhotoon
Po—oANOO
o —Lo—on
Ahoom0nN
————coco0o
PoNWNB =
S == 1-2-1c)

ONBo——

Gomonnoo

SGEHoumoo

N
A
(=]

ARWW—OO0O

TABLE III. G(Ty, T;) for aluminum
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TABLE IV. G(Ty, T,) for magnesium
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TABLE V. G(Ty, T;) for zirconium hydride
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enon is explained by the fact that, as Tc decreases, the
VCN heating cross section [second term in the denomin-
ator of Eq. (6)] decreases more rapidly than the
thermal-neutron cooling cross section [numerator in
Eq. (6)]. The VCN output of Al and Mg, on the other
hand, is not very dependent on the converter tempera-
ture. This is connected with the relatively low neutron
heating cross section as compared with the capture cross
section of these media.

At fixed converter temperature, the VCN yield is not
very dependent on the neutron temperature: as T de-
creases, the neutron cooling cross section is also found
to decrease (owing to the contraction of the part of the
frequency spectrum employed), and this largely compen-
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FIG. 2. The dependence of G(Tp, T¢) on the converter temperature.
Neutron spectrum temperature Ty, = 300°K. Curve 1—polyethylene, 2—
beryllium, 3—zirconium hydride, 4—magnesium.

FIG. 3. Experimental and theoretical values of the heating cross sec-
tion 0;,E for slow neutrons (E <1 meV). Magnesium: O—experiment,
solid curve—calculation; aluminum: A—experiment, broken curve—calcu-
lation.

K(z)
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| FIG. 4. VCN yield as a function of the
295 ratio of the converter and neutron-guide wall
’ potentials (Ug/Uy,).
’ 925 10
x=U /Uy,

sates the factor T;.f in Eq. (6). It is also important to
note that, in contrast to the cooling of a converter, the
cooling of the moderator at constant reactor power
leads to a reduction in the thermal flux &, because of
constructional factors, and because the neutron density
remains constant during cooling of moderators with dif-
fusion length which is small in comparison with the
slowing-down length and the size of the moderator,
whereas the flux decreases as T:l/z. Therefore, only the
converter need be cooled in VCN sources.

To compare the relative VCN yield of different con-
verters, it is important to take into account the VCN
reflection from the converter-vacuum separation boun-
dary. Since the change in the neutron energy across the
converted-vacuum boundary is U, — (4ﬁz/m)1mcbc, we
have, instead of Eq. (4)

U‘" —ITC

L [ Er.(B)E, ™

®=TG(Tn' Tc)

where

Tu(E) ="y ((y+ 1) —ys — /"), Y=E/T. (8)

is the VCN transmission factor averaged over the angles
at the converter-vacuum boundary (E is the neutron en-
ergy inside the converter), and the converter potential
U, is positive. Integration of Eq. (7) yields

@, U
O=—U,K|— T,
5 UK (g2) 6T T,

(41—z") (

K(z)= 2 3z® + 22° — 24z + 16)
‘ z* 1+(1~x)"'_ 4 (1—2)(1—2)*
M Ty P g i z 9

Equation (9) gives the total directed VCN flux leaving
the converter into the neutron guide. The VCN flux re-
corded by the detector corresponds to Eq. (9) only in the

case of a perfectly reflecting nonabsorbing neutron guide.

According to“’zj, the propagation of VCN along a real
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neutron guide can be described in terms of the elemen-
tary diffusion theory. The neutron guide is character-
ized by two parameters, namely, the diffusion coefficient
D and the diffusion length L.

We shall assume that the directed flux is converted
into a diffuse flux near the converter. We can then use
the balance of fluxes on the converter-vacuum boundary,
and the boundary conditions for the diffusion equation,
and hence deduce the diffuse VCN flux at the detector:

c

ET,e ""dE

(D Uw—l‘l
O=—G(Ty L) j' T et VI (10)
where T, and Tz are the neutron transmission factors
averaged over the angles at the vacuum-converter boun-
dary for the isotropic and directed components of the

diffusion flux, respectively:
Tu=Twy/ (1+y),

2 ,
T =y +5y)—~n—(5y —1) (1 +y)arctg y*

10 , 7 4
Y . S
Pt (y 15 15(1+y))

Next, @ = 4D/ Lv, where v is the velocity of neutrons in
the neutron guide, and [ is the total length of the neutron
guide (I > L).

2. EXPERIMENT

The VCN channel which we have employed is shown in
Fig. 5. As in our previous work,["z:| the channel was in
the form of bright-dipped copper tubes, whose diameter
was up to 200 mm. The channel length was about 13.5 m.
The low mean reactor power enabled us to mount differ-
ent converters cooled with liquid nitrogen including a
polyethylene converter which operated for the full reac-
tor cycle (about one month) without substantial radiation
damage. The VCN detector was an LiOH - H:O + ZnS(Ag)
scintillation counter having an area of about 25 cm?.t]
The background was measured by covering the detector
with a 10-p thick copper foil. With the polyethylene con-
verter at T, = 300°K, the VCN counting rate for a reac-
tor power of 25 kW (&, = 3.6 x 10*° neutron/cm? - sec)
was 0.30 + 0.01 sec™’. The elementary theory of diffusion
with diffusion parameters as reported int? (L=~ 10 m,
D= 3.4 m*-sec™) gives a reduction in the VCN flux due
to the neutron guide by a factor of about 3. Measure-
ments show that the efficiency of our LiOH - H.O
+ ZnS(Ag) detector is 0.2—0.25.0'*) Bearing this in
mind, the expected VCN counting rate agrees with the
measured values to within the accuracy of our estimates

(~ 50%).

FIG. 5. VCN channel scheme for the IBR-30 pulsed reactor. 1—active
zone of the reactor, 2—water moderator, 3—converter, 4—additional
moderator, 5—copper neutron guide, 6, 7—shield and direct beam trap,
8—VCN deflectors.
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TABLE VI. VCN yield for some converters relative
to polyethylene at T = Ty, = 300°K

Converter Eq. (10) ‘ Experiment
ZrH, ¢* 0.9 1.0+0.1
Mg 0.414 0.48+0.07
Al 0.087 0.096+:0.014

*Experiment data obtained.with ZrH, .

In our geometry (Fig. 5), the thermal-neutron flux at
the converter can be substantially increased by mounting
an additional moderator inside the neutron guide. The
extraction of the VCN from the converter is then
achieved through special apertures in this additional
moderator, which are lined with bright-dipped copper
foil. The VCN output was measured with an additional
polyethylene moderator, 100 mm thick, mounted inside
the channel and containing 23 apertures, 20 mm in diam-
eter. According tot*] , the thermal-neutron flux in this
case was increased by a factor of 7 (in the region of the
converter) as compared with the case when there was no
additional moderator. The use of this moderator resulted
in an increase in the VCN yield by a factor of approxim-
mately 2.5 when the total areas of the apertures was
~ 239% of the cross-sectional area of the channel.

Table VI shows the VCN yield of some of the con-
verters relative to the VCN yield of polyethylene, which
has practically no potential barrier (as in the case of
zirconium hydride, it is assumed that U, is zero for
polyethylene). We note that when the VCN yield was
calculated from Eq. (2), o = 0.3 was used, which was
deduced from our datal®] on the mean VCN velocity in
the neutron guide.

The cooling of the polyethylene converter from room
temperature (300°K) to 130 and 90°K led to an increase
in the VCN flux by factors of 2.2 + 0.2 and 4 + 0.2,
respectively, which is somewhat less than the calculated
values (respectively by factors of 3 and 5.5). A similar
effect was observed in the cooling of zirconium hydride:
a reduction in the converter temperature from room
temperature to 130°K led to an increase in the VCN flux
by a factor of 2.3 + 0.2, which is also lower than the
calculated value (about 3.4). The possible reason for the
discrepancy between experiment and theory is the elastic
scattering of VCN by the converter nuclei. However,
our estimates have shown that, even in the case of hy-
drogen at 0°K, the VCN elastic scattering effect can
modify the VCN yield by only 109,.

A more substantial effect on the VCN during the re-
duction in temperature may be due to the presence of
inhomogeneities, with sizes of the order the VCN wave-
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length, in the converter. The VCN yield should decrease
as a result of elastic scattering by such inhomogeneities.
The increase in the total interaction cross section for
slow neutrons, and the sharp deviation of o from the

1/v law (by factors of 2— 3:?, was detected previously for
a number of materials.[*

Of course, the discrepancy with the experimental data
may be partly due to the approximate nature of the calcu-
lations, for example, due to uncertainties in the frequency
spectrum for polyethylene and zirconium hydride, espec-
ially since we used the frequency spectra obtained at T
~ 300°K. The absence of data on frequency spectra for
these media at low temperatures prevented us from esti-
mating their effect on the VCN yield.

We note in conclusion that it was shown experimen-
tally in our previous work!?J that the cooling of the
aluminum converter down to liquid nitrogen tempera-
tures did not affect the VCN flux to within 309%.
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