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Abstract
A neutron beam line has been constructed at the KEK-Proton Synchrotron. Neutrons have been
produced by the disintegration reactions of denterons in a 6 cm thick beryllium target. Deuteron
beams of 2 ~ 6 GeV have provided neutron beams of 1 ~ 3 GeV. The neutron flux increases with the
deuteron energy. The typical beam intensities obtained were 1x10%. 2x10%, and 3x10® neutrons per

10" deuterons of 2, 4, and 6 GeV . respectively. The neutron-momentum width, Ap/p, was measured
to be (4 +1)% in sigma at 1 Gie
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1 Introduction

The deuteron beain has been successfully accelerated since the end of 1991 at the
KEK 12-GeV proton synchrotron (KEK-PS) {1]. This success opened a new possibility
to accelerate light-to-heavy ions and to utilize the ion-beams for various experimental
programs at the KEK-PS.

For a utilization of the deuteron beam. a neutron beam line has been constructed
at the KEK-PS P1 beam hne 200 The beam line was designed for an experiment to
measure the differential cross <ections of deuteron productions via (n, =) reactions on
liquid hydrogen (E235 [3]). which was carried out in April, 1993. Neutrons were produced
via the disintegration reaction of deuterons in a bervllium target. A neutron beam line
has existed at the Saclav/Saturne [1]. which provides monokinetic neutrons produced
via the same reaction m which the deuteron-energy region covers up to ~2 GeV. Since
deuteron beams of 2 ~ 1.2 Ge\ can be supplied by the KEIK PS, neutrons of 1 ~ 5.6
GeV are available at the 1 beam line. Beside the E235 experiment. the neutron beam
can be used for various purposes: the mteractions of a nentron with a nucleus have so far
been estimated only approximately nsing those of a proton since no data are available in
the several-GeV region with nentrons. Svstematic studies of neutron-nucleus interactions
have to be made. Frrhernore monokinetic neutrons would be quite useful for other field
such as nuclear engincerine as well as for physies.

In this paper we report the features of the constructed beam line and the characteristics
of the denteron and neutron heams obtained i beam-Tine tunings for the 235 experiment,

in which 2.0, 4.0, 4.7. 7. 1 and 6.0-GeV deuterons were used.

2 Design Principle

We used the proton strippmg reaction of deuterons in a bervllium target to produce
the neutron beam in the several GeV oregion. Spectator neutrons in the proton-stripping
reaction of deuterons reflect the Fermimotion in the deuteron; the momentum and angular
spreads of the neutrons are mainly caused by the Fermi motion. The momentum and
angular spreads become relativelsy small when the beam momentum is much higher than
the Fermi momentum. The relativistic deuteron beams provided by the KEK-PS were
therefore suited for the present purpose.

We performed a Monte-Carlo simulation 11 order to understand the nentron beam ob-
tained in the proton-stripping reaction of deuterons in a bervllium target. The simulation
included the effects of: {11 the Fermi motion of a nentron in a deuteron. (1) the fluctu-

ation of the deuteron-cnergy lose and multiple scattering in a beryllium target, and (ii1)
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the energy spread of the deuteron beain (o ~ 0.3%). A neutron collimator was designed
by using the simulation [5]. The collimator defined the momentum distribution as well as
the spatial distribution of the neutron beam. The structure of the neutron collimator is
described in the next section. In order to obtain the neutron-momentum distribution in

a deuteron, Hulthén’s wave function [6] was emploved, which is written as

o~ — 0T
[or e
wv(r) = /— : (1)
\/ T )
where r represents the relative distance between the two nucleons, and o' = 4.3 fm (ah =

46 MeV/c) was used. From the Fourier transformation of ¥, the neutron-momentum
distribution in the deuteron-rest frame can be written as

=2 + ((}h)z}z( -

fipydp™ =
Here, C represents a normalization factor. Interactions of neutrons with the target, the
collimator, and other relevant materials were simulated by using the GEANT computer
code [7]. Fig. 1 shows neutron-beam momentum distributions at the experimental target,
simulated for 2, 4, and 6-Ge\ deuteron beams. The solid lines fit the simulated spectra

very well. For the fitting a following function was used:

T
Fipydp = ("= < —dp. 3
e = p)? = (maah)?)? ! 3
where 74 = (1 — 34)7 V2. 34 being the deuteron’s velocity, and p. is the central value

of the neutron-beam momentum distribution.  The function F(p) corresponds to the
Lorentz transformation of the longitudinal component of f(p*). in which p* = (p—p.)/7a-
The neutron collimator realized this condition since only neutrons produced at around 0

degrees could path through the collimator.

3 Beam Line

Fig. 2 illustrates the Pl beam line with the neutron beam line. The deuteron beam
extracted from the KEK-PS was transported to the Pl beam line, and then focused
onto a neutron production (Be) target. The beam-spot size on the beryllium target was
controlled with three quadrupole magnets (Q1~3). The deuteron-beam intensity was
controlled with the C'"H and '\ collimators placed after the 33 magnet. The S1 and D1
steering magnets were used to adjust the beam position at the target in the vertical and
horizontal directions. respectively. The C'H collimator was installed in the gap of the Sl
magnet so as to save beam-line space. It was driven bv a motor in a vacuum duct of the

beam line.



The deuteron-beam intensity was measured by secondary emission chambers (SEC) [8].
SEC was calibrated by the foil-activation method with approximately 10% accuracy. The
errors came mostly from the referred cross sections of the **Na-production reaction by
deuterons on 27Al [9]. Details concerning the calibration have been reported elsewhere [10,
11]. A deuteron-beam profile was monitored using segmented parallel plate ionization
chambers (SPIC) [12]. A beryllium target of 3 cm diameter and 6 cm length was used.
A target monitor (TM) was placed at 90 degrees to the beam line in order to confirm
that the beam hit the correct position. TM was a counter telescope consisting of three
small plastic scintillators. The neutron yield was maximized at the highest counting rate
of TM, as indicated in Fig. 3. The neutron-beam monitor (NBM) shown in the figure is
described in the next section.

The deuteron beam was focnsed onto the bervllium target by using the Q1~Q3 mag-
nets. It was advantageous for the 1235 experiment to have a rather parallel deuteron
beam on the beryllium target even though the heam spot size was large, since the neu-
tron production probability in the proton-stripping reaction is maximum at 0 degrees. A
deuteron-beam envelope for the E235 experiment calculated by using the TRANSPORT
computer code[13] was illustrated in Fig. 4. The beam was tuned so as to realize an image
size of about 20 mm in diameter at the bervllium target. It was nearly as large as the
target diameter. A deuteron-heam profile at the target was measured by SPIC, as shown
in Fig. 5.

Charged particles from the bervliium target were swept out in the vertical direction
by the D2 bending magnet located just downstream of the target, and only neutrons
produced at around 0 degrees could pass through the collimator with a length of 5 m
(Fig. 6). It comprised cast lead surrounded by iron. The loophole of the collimator was
gradually widened along the heam line. which was 34(Horizontal) x 34(Vertical) mm? at
the entrance and 32(H)>52(\V 1 mm? at the exit. The solid angle for the neutrons was
approximately 50 psr Although the D3 magnet was placed as a secondary sweeping
magnet, it was not nsed because the neatron beam was already sufficiently purified at
this position.

An experimental target (liquid hydrogen) was located 9.85 m downstream of the
neutron-production target. At an carly stage of the 1235 experiment NBM was placed
around the hydrogen target in order to monitor the neutron-beam profiles. The spectrom-
eter system for the experiment was installed in the PI cave. In particular, the magnetic
spectrometer placed after the hyvdrogen target was used to analyze the trajectories of
recoiling charged particles froni the target in order to investigate the neutron-beam char-

acteristics, as described 1 the next section.



4 Neutron Beam
4.1 Neutron-beam profile

A set of plastic scintillator hodoscopes was employed as a neutron-beam monitor
(NBM) [14]. NBM comprised 3 lavers in the beam direction. The first, second, and third
layers respectively had cross sections of 210(H) = 380(V) mm?, 200(H)x200(V) mm?, and
204(H)x260(V) mm?. The second layer had a thickness of 10 mm, and the others had
2 mm. The first layer was used as a veto counter for charged particles that remained in
the neutron beam. It was divided into 16 slabs in the horizontal direction. The second
layer was divided into 13 slabs in the vertical direction. This layer acted as a converter
of neutrons to charged particles by their interactions with hydrogen and carbon nuclei
in the scintillator, and gave a nentron detection efficiency of about 1%. The last layer
was divided into two halves vertically and also into 13 slabs horizontally. This layer was
sensitive to the charged particles from the reaction i the second layer. NBM provided a
neutron-beam profile. as shown i Fig. 7.

A neutron-beam profile can be also obtained from the reaction vertex in the (n, X)
reactions on the hvdrogen (1) target. Figure N shows the two-dimensional distribution of
the reaction vertex obtained from the track reconstruction. The precision of the vertex
position in the vertical and honizontal directions is about | cm. The hydrogen target
vessel is a vertical cvlinder of {2 con diameter. It s confirmed that the neutron beam
is well collimated and is not hitting the wall of the hydrogen-target vessel because no
enhancement of the vertex distribution on the wall 1s seen.

Both the measured profiles were consistent with the image of the neutron collimator.

4.2 Neutron-beam intensity

NBM was also used as a nentron-intensity monitor. T'he ratio of the neutron intensity

to the deuteron-beam mtensity can be obtaimed usmg

(/(J"t
(/!)’
“p=or

92, (4)

T 'H,-
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where Ng. is the number of bervilinm nucler in the target, and do/df?

g—oo Tepresents the
differential cross section of the neutron-production reaction, d+ Be — n+ X, at 0 degrees.
The quantity A2 stands for the solid angle of the neutron collimator. Differential cross
sections have been reported for neutron momenta of 1.35 GeV/c [15], 1.77 GeV /c [16}, and
2.90 GeV/c [17]. Parametrizing the cross section, /, /1, was calculated as a function of
the deuteron energy. as hsted i Table 1. The efficiency of NBM for neutron detection was

calibrated in this way. It was fannd to be about 1% in the present energy region. Details

oA



concerning an evaluation of the efficiency are described in ref. [14]. Once the efficiency is
known, NBM can be used as an intensity monitor. The neutron intensity increased with
the deuteron energy. Typical heam intensities were obtained to be 1x10%, 2x10%, and
3x10® neutrons per 10'" deuterons of 2, 4. and 6 GeV, respectively. The errors in the
measured intensities came mainly from the errors of the neutron-production cross sections
used and the errors in the deuteron intensity measured by SEC. The errors were about
30% in total. The measured intensities agreed with the expected values within the errors.

NBM was also used to measure the contamination of charged particles in the neutron
beam. In this case, the first scintillator hodoscope was used as a charged-particle counter
in coincidence with the other hodoscopes. The contamination of charged particle was

found to be less than 1% and about 2% for 1 and 3-GeV neutron beams. respectively.

4.3 Momentum distribution of the neutron beam

The momentum distributions of the neutron beams were measured by analyzing the
momenta of recoiling protons i i1, p) clastic reactions on hydrogen. Fig. 9 shows a mea-
sured spectrum of the missing mass in the final state in the (n, p) reactions on hydrogen at
1 GeV. Background events which occurred on the materials other than the liguid-hydrogen
target were evaluated and corrected by using target-empty data. A peak of the neutron in
the final state of the (n.p) elastic scattering can be scen at 0.94 GeV/c? in the spectrum.
The neutron-beam momentum width was obtained to be (5.8 £ 1)% in sigma from the
neutron-peak width in the missing-mass spectrum. assuming a Gaussian function for the
peak. The error was the fitting error due mainly to a broad N~ peak lying above the
neutron peak. The width includes the effect of the finite momentum resolution of the
magnetic spectrometer. The momentum resolution of the spectrometer was evaluated to
be (4 £ 1)% by a Monte-Clarlo simulation which included the spatial resolution of the
drift chambers and systematic errors such as inaccuracy of the chamber alignment. After
the spectrometer resolution was subtracted, we obtained (4 & 1% in sigma ((10 £3)% in
FWHM) as the neutron-beam momentum width at I GeV. At higher energy, the width
is expected to be smaller when expressed in percentage. since the Fermi motion of the
neutron in the deuteron remains the same. The Model calculation with the deuteron wave
function mentioned in section 2 indicated a neutron-beam width of 7.2% (FWHM) at 1
jeV. (The calculation gave an rans. width of 5.4%. which was larger than the measured
width, since the simulated spectrim has a longer tail than the Gaussian distribution.)

The measured width does not contradict the calculated valne.



5 Summary

We constructed a neutron heam line at the KEK-PS Pl beam line. Neutron beams
of 1~3 GeV were delivered to the P1 Cave. The flux was typically 1x10%, 2x10®, and
3% 10® neutrons per 10'" deuterons of 2. 4, and 6 GeV. respectively. The neutron-beam
momentum width, Ap/p. was measured to be (4 £ 1)% in sigma. The measured value
agrees with the Model calculation with the deuteron wave function.

The neutron beam line provides neutron beams with good intensity and a small mo-
mentum spread at the several-Ge\ region. Thus. it provides unique experimental oppor-
tunities to investigate neutron-nucleon and/or neutron-nucleus interactions. Furthermore.,
one can expect a polarized neutron beam if a polarized deuteron beam is accelerated in
the KEK-PS [18]. The polarized bean would provide a possibility to measure the spin
observables and symmetries on nucleon-nucleon. nucleon-nucleus, and quark-quark inter-

actions.
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Table Captions

Table 1 Expected neutron mtensity relative to the deuteron-beam intensity as a function of

the deuteron energy. The values were used to calibrate the efficiency of the neutron-

beam monitor (NBM).
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Figure Captions

Fig. 1 Neutron-momentuni spectra (histogram) obtained by Monte-Carlo simulations for

Fig.

Fig.
Iig.
I'ig.
Fig.
Fig.

Fg.
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o#]

proton-stripping reactions of deuterons in the beryllium target. The quoted energies,
2,4, and 6 GeV. indicate the deuteron-beam energy used in the simulation. Solid

lines fit the spectra with a function characterized by eq. 3.

P1 beam line with the neutron beam line newly constructed at the KEK-PS. The
deuteron beam from the KEK-PS was transported to the P1 beam line. and then
focused with the Q1~Q3 quadrupole magnets onto a beryllium (Be) target of 3 cm
diameter and 6 cim length The deuteron beam was monitored by SEC. SPIC, and
TM (see text in detail for these monitors). The C('H and CV collimators controlled
the deuteron-beam intensitv. The S1 and D1 steering magnets were used to adjust
the deuteron-beain position. The D2 and D3 magnets swept out charged particles
from the beryllhim target  Only neutrons produced at around 0 degrees could pass
through the lead (Ph) collimator which is 5 m long. The spectrometer system for
the E235 experiment was installed in the P1 Cave. A liquid hydrogen target was
installed 9.85 m downstream of the bervllium target. The magnetic spectrometer
(indicated as ~1) <pectrometer™) was placed after the hvdrogen target in order to

analyze charged particle trajectories from the hvdrogen target.

Neutron yield measured Hv NBM is compared to the counting rate of TM as a
function of the target position. The target was scanned vertically with respect to

the beam axis.

Deuteron-beam cnvelope tor the 1235 experiment calculated with TRANSPORT.
Deuteron-beam profile measured by SPIC at the bervilium target.

Schematic view ol the cross ~ection of the neutron collimator along the beam line.
Neutron-beam profiles abtaimed by a set of plastic scintillator hodoscopes (NBM).

Two-dimensional distribution of the reaction vertex of the (n, X) reaction on the

hydrogen target.

Missing mass spectrum measured in the elastic (n,p) reaction on hydrogen at the
neutron-beam energy of I Ge\'. A peak which corresponds to the neutron in the final

state is seen at .91 Ge\/e?
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