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Observation of Ultracold-Neutron Production by 9-A Cold Neutrons in Superfluid Helium
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Using velocity-analyzed cold neutrons we observed the production of ultracold neutrons in superfluid
‘He at 0.45 to 1.5 K. Ultracold neutrons are produced for an incident neutron wavelength of
8.78 £0.06 A which agrees with the single-phonon emission theory. The temperature variation of the

ultracold-neutron storage lifetime is also discussed.

PACS numbers: 61.12.—q, 13.40.Fn, 14.20.Dh, 67.40.—w

It was proposed to produce ultracold neutrons (UCN)
by cold-neutron scattering in superfluid *He [1] and a
number of papers on this process were subsequently pub-
lished [2-4]. Using panchromatic neutron beams, none
of these studies, however, confirmed the characteristic
cold-neutron wavelength where this process takes place.
According to the single-phonon emission theory [1,5] and
using the measured liquid-helium dispersion curve [6,7],
this wavelength must be at 8.9 +0.05 A, where the error
is determined by the variation of the UCN phase-space
volume for different wall materials (Fe in this case). The
process takes place at a characteristic crossing point of
the energy-momentum dispersion curve of superfluid *He
and the energy-momentum curve of a free neutron (a
parabola), where the energy and the momentum of the
incoming neutron are converted entirely into those of the
phonon produced in superfluid helium.

The UCN are currently believed to be the best tool for
searching for an electric dipole moment of the neutron,
predicted by the standard model and other theories of
particle physics. The strongest present UCN source,
operating at Institut Max von Laue-Paul Langevin, con-
sists of a combination of a cold source, a special vertical
beamguide, and a turbine [8]. But the idea of using
superfluid helium is attractive if cold neutrons can ulti-
mately be allowed to enter the cooling media from all
directions.

We have constructed a prototype cryostat [9] called
Mark-3000 at KEK for future UCN experiments. Its
horizontal UCN container is made of electropolished
stainless steel, measuring 3 m in length and 80 mm in di-
ameter. We installed a new *He refrigerator [10] in it,
capable of cooling 15 liters of purified [10] superfluid *He
down to 0.45 K. This was first measured in a perfor-
mance test with heat conduction measurements of the
superfluid helium using calibrated Ge thermometers at
three separate points in the container [11]. At the lower
end of a 6.4-mm-diam polyimide rod, which is inserted in
a 40-mm-diam vertical stainless-steel pipe connected to
the top of the container and to a turbomolecular high-
vacuum pumping system outside, a Yoshiki-type level
meter [12], 10 cm long with 1-cm resolution, is mounted.
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One of the calibrated Ge thermometers is fixed at the end
point of the rod. The rod can be driven up and down
vertically via a metal bellows at the top of the pipe. The
rod’s lowest position serves to measure the liquid level at
the time of filling with superfluid liquid He [10], where
the Ge thermometer at the end point barely touches the
bottom of the container. At an elevated position, 7.5 cm
higher, letting the neutron beam pass at the center line of
the container for the measurement, it serves to heat up
the liquid to a desired temperature by use of a heater
built in the level meter. The temperatures thus achieved
are extremely stable up to 1.5 K. The final liquid level is
adjusted, at the time of filling, in such a way that both
the heater and the thermometer at the higher position of
the rod are just dipped in the liquid. A number of careful
checks were made to ensure that the thermometer read-
ings were exactly the liquid temperatures. This turned
out to be indeed so, due to the high heat conductivity of
the superfluid [11].

A detector was specially developed for UCN. It is a
flat, thin-window *He proportional counter with a 40-mm
window diameter and 20 mm depth [13]. We developed
a technique to mount a 70-um-thick pure Al window that
withstands 6 atm from inside. The *He partial pressure
is 50 torr, equivalent to 110 and § cm in absorption
length for thermal and ultracold neutrons, respectively.
The rest is filled with pure Ne up to 5 atm to keep the
wall effect minimal. Since the expected counting rate is
very low, no quenching gas has to be added. The mea-
sured efficiency of this counter at 9 A is 0.08.

Facing upward, this counter was placed under the elec-
tropolished stainless-steel “gravity acceleration” tube ex-
tending vertically down from the UCN container. UCN
produced in the container gain an energy of about 100
neV by gravity. The end of the acceleration tube is su-
persealed by a 150-um-thick Al window, followed by
three layers of thermal-shield Al windows. Including the
counter window, there are 400 um of Al between the
superfluid helium and *He, the counter gas. The attenua-
tion rate, 0.25, was determined by placing dummy Al
foils in different thicknesses above the counter. The 30-
mm gap above the counter and below the last window is
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filled with 1 atm He gas. Two other identical counters,
but filled with 1 atm *He gas, were placed around the
cryostat as background monitors (Fig. 1). At a distance
of 52 m from the cold-neutron source of the 20-MW
Japan Research Reactor (JRR)-3 at JAERI in Tokai, a
pair of beam choppers, 8.13 m apart, was set up. Each
chopper consists of a ®LiF+ B4C disk of 38 cm diameter
with a 50-mmX20-mm slot and a step motor. Both are
under the control of a computer program and synchron-
ized at any desired phase-angle difference. They produce
a monochromatic beam with 0.82-A wavelength width
between 3 and 24 A. By a slight modification of the pro-
gram, the front chopper can be a time-controlled beam
shutter while the second chopper is kept wide open. The
UCN storage lifetime was determined in this way. The
cold-neutron intensity at the entrance to Mark-3000 was
measured to be 1.1x 10® neutrons/seccm?.

Figure 2(a) shows what the UCN counter registered at
different neutron wavelengths. The ordinate is normal-
ized to the number of incident cold neutrons at the wave-
length of the measurement. Since the kinematics and the
cross sections for the single-phonon emission process have
been analyzed elsewhere (e.g., Refs. [1,5]) we make only
a few remarks.

(1) While the entire amount of liquid helium in the
container is the source of scattered neutrons, since the
upper part of the gravity acceleration tube is surrounded
by the *He pot and heavy copper walls serving as shields
against neutrons [Fig. 1(b)], the UCN counter below, at
90° to the beam, only “sees” the limited region marked
by the ellipse in the container in the figure.

(2) For conduction in the gravity acceleration tube, the
critical angle 6. ~1.6x10 "*A(A) must be applied to al/
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Experimental layout. (a) Top view and (b) side

neutrons produced around the elliptical region. At 4 A
incident neutron wavelength, the final-state neutron
wavelength is of the same order of magnitude as the in-
cident wavelength and no neutron reflections occur. Thus
the counter sees a solid angle given by the cross-sectional
area of the gravity tube divided by its length squared,
10 73, and the neutron counting rate is consequently low.
As the incident neutron wavelength is increased towards
9 A, the number of final-state neutrons reflected from the
surface of the tube increases rapidly because the final-
state neutron wavelength increases towards infinity
(UCN) and the neutron counting rate increases.

(3) Beyond 9 A, the final-state neutrons only go for-
ward from kinematics and the counts into the 90° direc-
tion fall off to zero sharply. Therefore the peak shown in
Fig. 2(a) does not entirely consist of UCN and is the re-
sult of the combined effects of (1) the geometry of the
gravity tube and its reflectivity and transmissivity for
different wavelengths, (2) the averaging of incident wave-
length by the finite resolution of the velocity selector, and
(3) the change of counter sensitivity determined by the
final-state neutron wavelength. A computer estimate tak-
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FIG. 2. (a) Counts normalized to incident neutron flux at
the wavelength plotted, vs incident wavelength with (solid cir-
cles) and without (open circles) Ni foils. (b) UCN yields ob-
tained by subtracting solid from open circles in (a).



VOLUME 68, NUMBER 9

PHYSICAL REVIEW LETTERS

2 MARCH 1992

Illll’lll]llllllli'llllll

(a)

10!

0.45K

101

.l_u.u.l.lL_L_l_l_uJ.u.l__I_LLJij-_J—LLlRlll Lol |||||m| 1111

&
-
’—
e
2 =
S oL T
> 10 1.2K
O
=)
-1

10 .

L]

i

100 & ing

1.4K

10~1 J

P ﬁff i

10—3 RSN SRR | lfl 1 l}lfn T B R

0 10 20 30 40 50
STORE TIME (s)

20 T T T T 7 T T T T ' T T T T ] T T T T ]
I (b)
& ~ -
w 15 — —
g m o -
L .
L
Ly B ]
I 10 , —
@ i ]

- o -

= L N
(@] L i
,_ L -
(Va) L 1 B
O C 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 l ! L] 1 ! _{

0 0.5 1 1.5 2

TEMPERATURE (K)

FIG. 3. (a) Distribution of arrival times of UCN at the
counter, determining the storage lifetime 7. (b) Temperature
dependence of the measured decay time: Four points (+) from
Ref. [4] were added after correcting for their different value
t0=>51 sec. The solid curves are from Ref. [20] with different
A, B, C combinations shown in the table.

ing into account these effects has shown a similar curve
peaking at 8.5 A, but the observed curve is broader than
the calculated one, suggesting that the specular reflection
assumed in the calculation of the gravity tube is not valid.
More elaborate Monte Carlo calculations are in progress.
The counts above 10 A are almost pure background, in-
creasing as the wavelength increases, because of longer
measurement time. In order to filter out UCN we placed
50-um Ni foils in front of the counter. Ni has a barrier
potential of 250 neV and even after gravity acceleration it
is shown that 80% of UCN in the container should not
pass the foil. The differences in counts with and without
Ni foil are shown in Fig. 2(a). We confirmed that the
differences are independent of foil thickness (50, 100, and
150 um) and are caused by reflection and not by absorp-
tion. In Fig. 2(b) the differences are plotted against the
incoming neutron wavelength. The UCN production
width is 0.1 A and the width in the figure is caused by the
resolution of the velocity selector, 0.82 A. We conclude
from a fit that the peak is at 8.78 £0.06 A as predicted
by the single-phonon emission theory.

With regard to the variation of UCN storage lifetime
with temperature, the measurement cycle consists of 10
sec of an irradiation filling period followed by 50 sec of
measurement. We start a multichannel time analyzer at
the beginning of a cycle and wait for the chopper to close.
The counting rate during this period is flat in time and
about 200 times the counting rate right after the chopper
is closed. We call the time =0 one second after the
chopper is closed. In Fig. 3(a), time distributions of
UCN counts after =0 are shown for various tempera-
tures, including exponential decay curves for fitted values
of 7. The t values were replotted in Fig. 3(b) together
with four crosses recalculated from Ref. [4]. Since up-
scattered neutrons [14] are negligible in our geometry, we
conclude that the counts after t =0 are UCN except for
the background, which amounts to less than 1% below 1
K and 3% at 1.5 K. We used Ni foils as before and mea-
sured that only 6% of UCN could pass the foil, in con-
trast to the 20% expected.

We write

where 7 is temperature independent and T is the temper-
ature. 7¢is 14 sec from Fig. 3(b) and this value is much
shorter than expected from surface hydrogen contamina-
tion measurements [16-19] since at the very low temper-
atures, with hydrogen bound tightly to the surface,
effective inelastic scattering on hydrogen is small [15].
However, for a UCN gas, one has

T01 =4V/S<l‘> s

where V is the volume of the container, S is the area of a
leak, in our case the cross-sectional area of the gravity
tube, (¢) is the average velocity of UCN, and 79 < 7¢s
must be satisfied. We have V' =15.1 liters, S =12.5 cm?,
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and {(r)=4.8 m/sec, yielding 7o, =10 sec, smaller than
to. This contradiction suggests that the gravity tube has
a bad conductance, and might give rise to a counterflow
of UCN back to the container, among other possibilities.
For the temperature-dependent part 1/7(T) Golub ob-
tained [20]

1/1(T)=Ae ~"YT+BT7+CT % ~86/T

where the first term is due to the one-phonon interaction
between the UCN and the liquid helium, the second is
due to two-phonon processes with one-phonon exchange,
and the third is due to roton scattering with one-phonon
exchange. Numerically the coefficient of the first term
(A) is 500 sec ~' if 240 msec ' is used for phonon veloc-
ity. A new value of 469 sec ~' may be used but it would
make no difference in the following discussion. The
coefficient of the second term (B) varies slowly with T
and Golub gives (8.8 and 7.6)x10 7% sec ' at 0.6 and
1.0 K, respectively. 18 sec ~' is given for the coefficient
of the last term (C). Results of fitting for various com-
binations of the coefficients are given in the following
table:

A B C Reduced
Curve  (fixed) (fixed)  (fixed) x°
| 500 0 0 1.5
0 0.008 18 15.8
- 0 0.008 0 7.2
- 0 0 18 25.3
3 500 0.008 18 143.5

We can see the following from the table and Fig. 3(b):
(1) It is impossible to fit with the 4 term only (curve 1).
An admixture of the B and possibly C terms is necessary.
The best fit is obtained with the B term only. (2) The
sum of the three terms A4, B, and C makes the calculated
storage time too short in comparison with the observed
time. Some unknown mechanism similar to 79«7 as
shown above may be at work. We must ask ourselves
about the applicability of Golub’s formula to our case be-
cause we are measuring the final UCN. But the possibili-
ty that the UCN-phonon interaction is weaker than one
expects cannot be excluded.

In conclusion, (1) UCN production in superfluid *He
takes place at the neutron wavelength 8.78 £0.06 A in
agreement with the single-phonon emission theory. (2)
The T dependence of the storage lifetime can be repre-
sented by the equations of Ref. [20], but a more advanced
interpretation and a correction of parameters are neces-
sary in order to explain the measured points completely.
(3) The poor ratio of the detected UCN to the expected
UCN [3,21,22] in this experiment is not well understood.
We are left with an unresolved attenuation factor of
about 100 in order of magnitude. The main source of at-
tenuation is presumably at the neck of the vertical pipe
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and around the four layers of the exit windows [23]. A
Monte Carlo calculation is in preparation to clarify this
problem. We saw no effect of magnetic field on UCN
transmission, at least up to a field of 200 G applied hor-
izontally at the exit.
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