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ABSTRACT

The time-of-flight spectrometer for cold neutrons at
the R2 reactor in Studsvik has been reconstructed.
The design and the performance of the instrument are
briefly described. Improvements required for measure-
ments of the neutron scattering function of liquid
3 He are discussed.

I. INTRODUCTION

The cold time-of-flight spectrometer (CTOF) [1] at the R2

reactor in Studsvik was dismantled during the long reactor

shutdown in 1984-85. Due to lack of available beam-tubes it

was not put into operation until the autumn of 1988. During

this period the spectrometer was reconstructed. The immedi-

ate ambition was to measure the neutron scattering function

S(Q,E) of liquid 3He at temperatures below 1 K. Due to

recent progress [2] in the determination of the excitation

spectrum in 3He, energy resolution of about 0.1 meV and

Q-resolution of 1 Å*1 is required to provide new information

on the elementary excitations. This required substantial

improvements in the performance of the spectrometer.

The principle of operation of the spectrometer is as

follows: a beam of monochromatic neutrons produced by double

Bragg reflection in two parallel crystals is pulsed by a
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mechanical chopper placed before the sample. Neutrons

scattered by the sample are recorded in an array of

detectors covering a large angular range, and the arrival

times of the detected neutrons are determined. The measured

quantity is the neutron intensity as function of scattering

angle and time-of-flight, I(<j>,t). With a conventional

chopper (e.g. a Fermi chopper) which produces single bursts

of neutrons (typically 10 jus) at a low pulse-repetition rate

(typically 200 s" l), the arrival time of the neutron is

directly related to the neutron velocity after the

scattering. In this case, I(cfr,t) is simply related to the

dynamical structure factor S(Q,E), where Q and E are the

momentum and the energy, respectively, transferred from the

neutron to the sample.

In experimental situations where the signal is small

compared to the background, the statistical accuracy can be

improved for the more intense regions of the time-of-flight

spectrum by the use of a correlation chopper [3], This is

the case for 3He where the large absorption cross-section of

15,000 barn for 5 Å neutrons leads to a small probability

for scattering without absorption, 2-10"4 for a typical

reflection geometry. If the extraneous scattering from the

sample container window can be reduced to the same magnitude

as *> * 3He scattering, the correlation chopper will give

be .' it statistics than a conventional chopper for a given

m> : ;ing time. A correlation chopper produces a pseudo-

r :>L -U m modulation of the beam, with a duty cycle of up to

EC . The observed intensity is a folding of the modulation

se 7uence and the time-of-flight spectrum that would be

c .served directly with a conventional chopper. With the

: »rrelation chopper the time-of-flight spectrum is subse-

quently recovered after cross-correlation of the observed

intensity with the modulation sequence. The neutron

e attering function S(Q,E) is then obtained from the de-

c^-rrelated time-of-flight spectrum.
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II- DESCRIPTION

The main components of the CTOF spectrometer, shown in

Fig. 1, are described in this section.

Neutron source

The spectrometer is placed at the H5 horizontal beam-tube at

the medium-flux 50 MW light-water R2 reactor in Studsvik.

The room temperature D2O moderator outside the core-box of

the reactor serves as the neutron source for the beam-tube.

The cross-section of the beam-tube is reduced by in-pile

collimation from 8.3 x 18.6 cm2 to 5.0 x 14.0 cm2.

Filter

A polycrystalline beryllium filter suppresses the contamina-

tion from higher order reflections of the monochromators.

Neutrons with wavelengths shorter than the Bragg cut-off,

given by twice the largest d-spacing of allowed reflections

(3.96 Å for Be), are to a large extent scattered out of the

beam, while neutrons of longer wavelength (lower energy) can

not be Bragg scattered in the filter. The filter is cooled

to liquid nitrogen temperature to reduce scattering by

phonons. This increases the transmission by a factor of 3 in

the present case (X-4.8 Å, L-20 cm). The transmission of the

cold filter is calculated to be 88% for 4.8 A neutrons, and

less than 1-10"5 for the second order. The filter, which is

5 cm wide, 15 cm high, and 20 cm long, consists of blocks of

metallic Be of dimensions 5x5x5 or 5x5x10 cm3, stacked

together. Two brass plates, one at the top and one at the

bottom of the filter, are clamped together by stainless

steel rods to ensure good thermal contact of the assembly to

the liquid nitrogen, which is in direct contact with the top

plate. Care has been taken to match the coefficients of
linear expansion of the materials in the assembly with that
of Be. A thermocouple mounted on the bottom plate measures
the temperature at the warmest part of the filter. The
filter is placed in the direct beam before the monochroma-
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tor, within the biological shielding of ths reactor. This

eliminates the need for additional shielding around the

filter and ensures a low background at the spectrometer, but

the maintenance of the filter is more difficult. The con-

sumption of liquid nitrogen is rather high, approximately

12 liters per day. This is related to heat leaks of the

storage vessel rather than to gamma radiation heating from

the reactor.

Monochromator

The choice of a double monochromator unit is dictated by the

available space on the reactor floor. This simplifies the

design of the radiation shields and gives a low background,

but also results in a lower flux. By using monochromator

crystals with high reflectivity, such as pyrolytic graphite

(PG), the reduction in flux is rather modest for cold

neutrons. To increase the flux the PG monochromators are

focused on the sample; the first crystal vertically and the

second horizontally. The gain in flux is not as large as

anticipated because of a rather large mosaic spread of the

crystals, typically 1.0°-1.3° FWHM. Each of the two crystals

is composed of several slabs which are mounted in Al

holders. The TAK II triple-axis spectrometer [4] at the R2

reactor was used to align the crystals and to adjust the

focusing angles. Both crystals and the collimator drum

between the crystals are motor driven, in such a way that

the wavelength can be varied continuously between 4.0 and

6.2 Å. No other remote adjustment of the crystals is

possible.

Choppe r

The beam is pulsed by a correlation chopper placed after the

monochromator unit. The chopper consists of an aluminium

disc of diameter 60 cm which rotates around an axis parallel

to the beam in an evacuated housing. The disc is coated on

one side by segments of gadolinium oxide-epoxy (a strongly

absorbing material) in a specific pseudo-random pattern,

with 251 segments of which 126 are coated. The segments are
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can ze increased at the expense of resolution. Tha transmis-

sion cf the chopper is 37% in open position, leading to a

total transmission of 43* of the spinning chopper. The

chopper period is 5015.9 /jsec with a period stability of

better than ± O.Sus. To avoid excess heating of the motor

and the mechanical bearings, a very slaw start-up procedure

is adopted: it takes tvo days to reach full speed. The

correlation chopper can be replaced by a Fermi chopper in

cases where this is favourable.

Flight path

The sample and the detectors are placed in a double walled

evacuated tank lined with 0.1 cm cadmium on the inside. The

walls of the tank are separated by 20 cm and the space

between is filled with water. Additional water tanks and

blocks of borated paraffin are used to further reduce the

background.

The sample container is attached to the mixing chamber of

a SHE dilution refrigerator which is inserted into the

flight path. The cryostat vacuum cans and thermal radiation

shields are lined with Cd, with windows only for the

incident and scattered beams, designed in such a way that

neutrons scattered out of the incident beam by these

components are absorbed by the Cd.

Detectors

The detectors are mounted in 9 banks in the flight path at a

distance of 238.4 + 0.2 cm from the sample center, covering

1.1% of the total solid angle. BF3 detectors are used for

the 7 low angle banks, which are placed at average horizon-

tal scattering angles of 15.0, 23.0, 31.0, 38.9, 46.9, 54.9,

and 62.8°. Two banks at angles 74.5 and 87.5° are equipped

with 3He detectors. Each bank consists of eleven BF3 (or

thirteen 3He) detectors with their axis horizontal and

stacked together in a vertical plane. The BF3 (3He) detec-

tors are cylindrical with 3.0 cm (2.5 cm) outer diameter and

an active length of 20 cm (45.7 cm;. They have a filling
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pressure of 2 bar (5 bar) and are operated at a high voltage

of 3200 V (2400 V). The BF3 detectors are enriched to 94% in
1 0B. All detectors in a bank are fed into a common preampli-

fier inside the flight path. This detector arrangement has

several disadvantages. First, the Q-resolution can not be

varied by selective grouping of the detectors. Second, high-

voltage discharge in the preamplifiers makes it impossible

to evacuate the flight path. This reduces the intensity due

to air scattering in the flight path. Third, in order to

obtain a low background, the lower discriminator level is

adjusted to the noisiest detector, which in turn leads to a

lower overall detector efficiency. The background level of

the 3He detectors were initially very high. It was therefore

necessary to introduce an upper discriminator level in addi-

tion to the lower level.

The incident flux is monitored before the chopper by a

low pressure 3He detector with an efficiency of 1-10"4 for

1.8 Å neutrons.

Data acquisition

The arrival time of the neutrons at the detectors are

analyzed in a time-of-flight (TOF) unit which has 9 inputs

(one for each detector bank) and 256 time channels, of which

251 are used. The channel width of 20 fjs is set by the same

oscillator which controls the chopper period. The TOF unit

is synchronized to the chopper phase by a signal from a

magnetic pick-up coil on the chopper disc. An IBM compatible

PC controls the data acquisition. Data can be decorrelated

and plotted on the screen at intervals during the course of

the data accumulation. After completion of the measurement

the data is normally transferred to the VAX-8200 central

computer at the Studsvik Neutron Research Laboratory, where

further data analysis can be performed.
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III. RESULTS

The results from measurements of the neutron flux and the

scattering from vanadium, as well as from the scattering

from liquid 3He and * He are summarized below.

Performance

The neutron flux at the sample position and the energy

resolution for elastic scattering are given in Table I for

two different wavelengths. The flux is measured by a 3He

beam monitor with a 0.9 cm wide Cd slit in front of the

correlation chopper. The monitor is calibrated using gold

foil activation. The flux in Table I is scaled to a reactor

power of 50 MW for the core configuration of April 1989. The

flux differs by as much as a factor of 2 for different core

configurations.

The resolution is obtained from the width (FWHM) of the

elastic peak from a slab of vanadium in reflection geometry.

The vanadium slab is 0.025 cm thick and inclined by 7.5°

relative to the incident beam with a 0.6 cm Cd slit in front

of the slab. The values in Table I are averages of the

results for small scattering angles, where the broadening

due to the finite size of the vanadium slab is negligible.

TABLE I.
Flux at the sample position (with
correlation chopper) and elastic
energy resolution for two different
wavelengths (energies).

X E Flux ÖE

(Å) (meV) (cm-is-1) (/t/eV)

5.30 2.91 5«10< 125

4.83 3.51 1-105 170
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The detector efficiencies are calculated from the

intensity of the elastic scattering from vanadium and the

measured flux at the sample position, taking into account

the intensity reduction due to air scattering. The result is

35% for the BF3 detectors and 52% for the
 3He detectors. The

low efficiency is partly due to a rather conservative set-

ting of the discriminator levels, dictated by the require-

ments for a low background. In fact, the background is very

low, as seen in Table II, where CTOF is compared to two

other time-of-flight spectrometers used for 3He measure-

ments: IN6 [5] at the high-flux reactor at ILL in Grenoble

and TNTOF [6] at the CP-5 reactor at Argonne (now closed

down). The efficiencies for both the 3He and the BF3

detectors of CTOF can be increased by approximately 7% (to

37% and 56%) at the expense of an increased background of

about 30%.

TABLE II.
Background in counts per minute during reactor
shutdown (mainly electronic background) and with
reactor in operation but with the beam stopped
before the sample space (electronic and room back-
ground) .

Instrument

Detector type

Reactor off

(per detector)

(per sterad.)

Reactor on,
beam closed

(per detector)

(per sterad.)

CTOF

BF3

0.04

42

0.13

120

CTOF
3 He

0.44

220

0.81

400

TNTOF
3 He

-

-

1.0

550

IN6
3 He

0.09

62

0.71

490
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Test measurements

The complete experimencal set-up, consisting of spectrome-

ter, dilution refrigerator, sample container, and gas-han-

dling system, was tested by measuring the scattering from

liquid 3 He and 4He at low temperatures.

Measurement of the phonon-roton dispersion curve in

superfluid 4He at low temperature is used for absolute

calibration of the energy and momentum transfer of the

spectrometer. Time-of-flight data was recorded for 24 hours

for liquid 4He at T=1.0 K. The dispersion is obtained by

fitting a Gausnian to the inelastic peak in the decorrelated

spectrum for f;ach detector bank (scattering angle). After a

0.8% correction of the incident wavelength, the dispersion

agrees to within 0.6% with the compilation by Donnelly et

al. [7].

A new sample container for 3He experiments with a

0.011 cm thick Ta window was tested. From the intensity of

the elastic scattering from the empty container at tempera-

tures below 80 K, an effective scattering cross-section for

the window material of 48 mbarn was derived. This includes

incoherent scattering from Ta (20 mbarn), impurity

scattering (mainly hydrogen impurities), and disorder

scattering. The elastic scattering from the Ta window is

similar in magnitude to that from the previously used Be

window [8]. This result and the fact that the Ta absorption

cross-section is rather large (20.6 barn) shows that Be or

Al are better choices for window materials.

Time-of-flight data for liquid 3He at T=0.3 K was

recorded for 4H days using 5.3 Å neutrons. Because the

sample capillary became blocked during the 3He condensation,

the container could only be filled to 1/3. This suggests

that an external cold trap at liquid helium temperature

should be added to the gas handling system, in order to

purify the 3He sample gas. No difference was observed in the

counting rate between the empty container and the container

partly filled with 3He. This result prompted further work to

improve the instrument: the monochromator focusing, the beam

alignment, and the cryostat orientation were refined. All
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numerical results for the performance in this report refer

to the conditions after these adjustments.

IV. DISCUSSION

In this section calculations of the expected intensity of

neutrons scattered from liquid 3He. based on the performance

discussed above, are summarized and compared to the results

from 3He measurements [8] at the TNTOF spectrometer at

Argonne. Improvements of the CTOF spectrometer are also

discussed. CTOF has the same flux (1-105) at the sample

position for X-4.83 A as TNTOF had for X=4.07 Å. The

expected scattering intensity from 3He is calculated to be

2.6 times lower for CTOF, however. This is due to four

factors:

(1) Absorption in the Ta sample container window: reduction

by a factor of 1.35.

(2) Air scattering in the flight path: reduction by a factor

of 1.22

(3) Detector efficiency: reduction by a factor of 1.35

(4) Stronger neutron absorption due to the difference in

wavelength: reduction by a factor of 1.17.

The first factor can easily be avoided by using a sample

container with a window of Be or Al. To eliminate the

intensity reduction due to (2) and (3), new detectors and

preamplifiers are needed. The detectors should be mounted

vertically. The preamplifiers, one per detector, should

preferably be placed outside the detector tank, in such a

way that the flight path can be evacuated or flushed with
4He gas. The fourth effect is inevitable since the resolu-

tion is coupled to the incident wavelength.

With these improvements, 2-3 weeks are required to

measure the neutron scattering function of liquid 3He with

reasonable accuracy. Longer measuring times are inconvenient
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because of the short reactor cycle (17 days of operation,

once a month), and also because of the difficulties involved

in extended operation of the cryogenic equipment.

The energy resolution of 170 //eV at 4.83 Å must also be

improved, without loss of intensity. This can probably be

achieved with new PG monochromator crystals. The crystals

used at present have too large mosaic spread and are also

not perfectly planar. The intensity can also be improved by

placing the chopper within the monochromator shielding,

which would make it possible to move the flight path closer

to the monochromator crystals. This should be carefully

analysed, however, since the modification also affects the

resolution.

The base temperature of the SHE dilution refrigerator is

only 0.2 K. This is probably due to insufficient thermal

anchoring of the electrical leads. A complete rewiring

including new feed-throughs to the vacuum space is expected

to give a base temperature below 0.02 K.

Even if the suggested improvements were carried out, it

would be difficult to compete with IN6, where data of the

same statistical accuracy are collected in a few days with

an energy resolution of 80

V. CONCLUSIONS

The design and the performance of the newly reconstructed

cold time-of-flight spectrometer CTOF at the R2 reactor in

Studsvik are described. Using a correlation chopper, the

flux at the sample position is 1-105 for 4.83 Å neutrons and

the energy resolution is 170 j/eV. The efficiency of the

detector system is poor, and the detectors and the preampli-

fiers should be replaced. Measurements on liquid 3He would

also require new monochromator crystals in order to improve

the resolution without loss of intensity.
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FIGURE CAPTION

Fig. 1. Scale drawing of the CTOF spectrometer viewed from

above. A. Be-filter, B. Double monochromator unit,

C. Monitor, D. Correlation chopper, E. Sample space,

F. Detectors.
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