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ABSTRACT

Properties of the TRIUMF neutron beam (4A/2) are presented and compared
with a Monte Carlo prediction. The beam intensity profile, energy spectrum and
polarization are predicted taking into account the beam line geometry, energy
losses in the LD, production target, the properties of the pd — 7ipp reaction,
and the scattering of neutrons from the collimator walls. The results allow

for improved corrections to systematic errors in a number of TRIUMF neutron
experiments.
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1. Introduction

The neutron beam facility at TRIUMF [1] has served in a number of
neutron-proton scattering investigations, most recently: investigations of the
isospin mixing, charge symmetry breaking (CSB) component of the strong force
[2] [3] [4] [5]; a measurement of the spin correlation parameter Ayy and analyz-
ing power [6] [7]; a measurement of the ratio of spin transfer parameters D/ R,
[8]; pion production in np — ppr~ (9]; and a measurement of the zero-crossing
angle of the analyzing power below 300 MeV [10]. The np elastic scattering ex-
periments have made use of the basic equipment (modified over time) assembled
for the first CSB experiment [11]. Data collected with this equipment and the
beam profile monitor discussed in ref. [1] are here compared to the predictions of
a Monte Carlo simulation that takes into account the geometry of the neutron
collimator, the position of the neutron production (LD;) target and experimen-
tal equipment, the physics of the neutron production reaction pd — ripp, and
the scattering of the neutrons from the walls of the collimator. Information on
the horizontal position profile, neutron energy profile, and polarization (spin
transfer) profile are derived from the simulation and, where possible, compared
to measurements. Good knowledge of these beam properties is essential for un-
derstanding the data of sensitive experiments, especially the CSB experiments
mentioned above.

2. Neutron production

The TRIUMF neutron facility makes use of the sideways-to-sideways spin
transfer coefficient, R, or K, in (7, ) scattering at 9°, which is large and neg-
ative over all TRIUMF beam energies. Specifically, the spin transfer coefficient,
ri or K,4(D), of this reaction on deuterium is used. Bugg and Wilkin [12] calcu-
late the neutron spectrum from d(g, 7)pp, and how the spin-transfer parameters
vary across the spectrum for several incident proton energies. Predictions for
AK,, = K, (H) — K,;(D) = R — r; (see table 2 of ref. [12]) tend to be
positive at 9° and, therefore, enhance the free np value of K,, spin transfer.

The values for AK,, [12] and recent values for K, (R;) from SAID [13]
were parametrized as functions of incident proton energy and outgoing neutron
energy. The probability of a neutron scattering around 9° along the 217 mm
LD, target length, corrected for the proton energy loss to that point, was used
to randomly choose the d(p, r{)pp reaction point for the neutron and the value of
the outgoing neutron energy with the appropriate value for r, (and r}) assigned.
The energy loss must take into account the average density of the deuterium
(which is monitored periodically during experiments). Calculations involving
convection of the liquid deuterium in the target indicate that, for the usual
beam intensities (1 to 2 pA), changes of the liquid deuterium temperature, and
therefore density, were negligible (< 0.2°), along the path of the proton beam.



3. Neutron collimator

As reported in ref. [1], the neutron beam collimator is mounted in one of
several pipes (“ports”) built into a shielding box at 3° intervals from —3° to 27°
(the unused ports being entirely filled with steel plugs) on the left-hand side of
the TRIUMF 4A beam line, see fig. 1. In practice, only the 9° port is used due to
the magnitude of the spin transfer parameters discussed in the previous section.
The neutron collimation is defined by a set of 305 mm long cylindrical steel
inserts, each with a rectangular cross-section aperture, stepped in progressively
larger sizes, producing an approximation to a taper. The dimensions of these
collimator inserts were adapted to the requirements of the experiments and
are listed in table 1. The steel cylinders, of two different diameters (this is
because the pipes are stepped - with a gradual transition region - in two different
diameters), fit together by pegs on the trailing end of each cylinder mating to
a hole in the following cylinder. The primary proton beam, upon exiting the
LD, target, which is nominally centered along the lines of the collimator ports,
passes through a dipole bending magnet (4AB2, ‘Clearing Magnet’), through
a collimator, and is directed into a beam dump that is well shielded from the
experimental area. The neutrons produced in the LD, target at about 9° pass
through a thin stainless steel wall in the 4AB2 vacuum box and traverse a corner
of the 4AB2 field before entering the 9° port collimator.

The Monte Carlo program tracks the neutrons from the production target,
taking into consideration the probability that neutrons hitting the sides of the
collimator scatter at a small enough angle that they can then pass through
the remainder of the collimator. These scattering probabilities, both elastic
and inelastic, are based on the cross-section predictions of Pearlstein [14] for
intermediate energy nucleons scattering off iron. The surviving neutrons are then
followed through to either the experimental target location or the beam profile
monitor location. An ensemble of such events, typically ~ 108, with position,
energy, and polarization (spin transfer) values was then used for comparison to
measured beam characteristics as discussed below.

4. Neutron beam profile

Fig. 2 shows a comparison between the Monte Carlo predictions for the
neutron beam intensity profile and data from a recent experiment [5]. The
general shape is trapezoidal, as expected from the basic collimation geometry.
There is, however, a slight roll-off of the flat-top of the profile on the left-hand
(+) side and a displacement of the beam profile some 8 mm to the right of
the nominal center-line. This discrepancy was reproduced very well by the
Monte Carlo by displacing the LD, target by 6 mm upstream from the point at
which the nominal 9° collimator center-line intersects the proton (4A/1) beam
center-line. This position error was later confirmed by a measurement to be
6.2 + 3.9 mm. The ‘wings’ of the beam are also predicted by Monte Carlo
(in the experimental data they are cut off by the acceptance of the neutron
profile monitor) and are solely due to the scattered neutrons. The disagreement

3

with the data around 0 mm arises from the experimental target (which was not
included in the Monte Carlo) ‘shadow’ in the beam. The small difference between
prediction and data for the side-slopes may arise from a slight misalignment of
some material along the beam path, most likely the ‘anti-scattering’ collimator in
the first neutron spin-precession dipole, labelled “V” in fig. 1, or from inaccurate
information as to the distance of the profile monitor from the collimator. The
higher than predicted ‘wing’ on the left supports the former of these conjectures.

5. Neutron beam energy

The majority of recent experiments involved the elastic scattering of neu-
trons from a hydrogenous target. Time-of-flight (TOF) of both scattered neu-
tron and recoil proton were measured (11], as was the TOF of the incident
neutron relative to the cyclotron RF (i.e., arrival of proton bunch time at the
LD, target). This information permits two independent measurements of the
total incident neutron energy. A cut on the difference between these two mea-
surements, AE, along with cuts on opening angle, coplanarity, and momentum
balance, define the elastic scattered np events. For this section data accumulated
for the experiment of ref. [10] are used.

The measurement of the recoil proton TOF was started by a 1.6 mm thick
x 130 mm wide x 152 mm high scintillator viewed top and bottom by photo-
multiplier tubes (PMT’s) ~290 mm from the target center. This also served
as the start (with suitable corrections for the added proton flight time) for the
scattered neutron and the stop of the incident neutron (versus Cyclotron RF).
The error in the averaged (both tubes present) proton TOF start counter was
independently measured as ~260 ps.

The predicted energy distribution of the neutron beam is shown in fig. 3.
The data are from reconstructed neutron elastic scattering events from which
the average of the incident and scattered energy is used. As measurements of the
neutron energy are affected by various experimental uncertainties, one must fold
in these uncertainties by convoluting with the prediction for the neutron energy
spectrum a Gaussian shape (in the TOF variable) whose o can, nonetheless, be
reasonably predicted from the difference between the two energy measurements.
As well, differential cross-section and efficiency integrated across the acceptance
of the detector system {11] must also be taken into account. As the proton
TOF start counter effectively provides the start time for the scattered particles’
energy measurement and simultaneously the stop time for the incident neutron’s
energy measurement, its error partially cancels in the energy averaging, and
the true o is somewhat smaller than that determined above from the energy
difference. The full cyclotron RF phase acceptance is ~ 35° (4 ns, full width) [15],
though the actual time spread of the incident proton beam was usually narrower
than this, and long term drifts within the phase acceptance were corrected.
Scattered neutron and recoil proton energy uncertainties were also complicated
by flight path uncertainties, arising from an uncertainty in the scattering event
origin in the target for the neutron and from multiple scattering for the proton.
Altogether, these errors translated at the peak of the energy distribution into an

4



energy o ranging from 4.9 MeV at E, = 175 MeV to ~9 MeV at E, = 261 MeV.
At higher TRIUMF neutron energies, these timing errors begin to dominate the
measured neutron energy spectrum, with ¢ ~20 MeV at E, = 477 MeV [3].
This folding has been done in the comparison to the data in fig. 3.

The data are reasonably reproduced over the peak by the Monte Carlo
simulation, but the tail seems to be higher in reality than predicted. It should be
noted that the inclusion of the neutron collimator scattering has no discernable
effect on the neutron energy profile because the inelastic differential cross-section
by which the neutron would lose only a few 10’s of MeV is very small. As the
collimation is really quite tight, there is very little latitude for path length
variation affecting the apparent energy derived from the TOF of the incident
neutron. The contribution to the neutron beam from reactions in the target
windows was measured to be ~0.3 — 0.6% of the flux from the deuterium. At
lower energies, this contamination in the beam has a polarization of the same
sign and at least half the magnitude of neutrons produced from the deuterium
itself. The component of the neutron energy profile unexplained by the Monte
Carlo that lies within the usual energy cuts (typically ~3 o down from the
peak) is 2 to 5%. These unpredicted neutrons in the tail could possibly arise
from neutrons trapped within the LD, target cavity that bounce back out the
9° port, most of which would be of lower energy. All of these neutrons would be
of somewhat longer flight-path, making the TOF longer and the apparent E,
less; although, for measured E, much less than true E,, these would be removed
by the AE cuts. The probability of nuclear scattering in the LD, target into all
angles and energies is ~4%, or approximately four orders of magnitude greater
than the direct flux down the 9° port (~0.1 msr). Unfortunately, there is no
reliable method of modelling this. However, the energy profile is reasonably
reproduced provided one accepts a cut on energy not too far down the lower
energy side of the peak. As rescattering would tend to sample a broad spectrum
in original energy and angle and in spin depolarization with each scattering, it
is reasonable to assume an average polarization for such particles ~ 0. In this
case, there is no effect on the calculated averaged energy weighted by the square
of the polarization, though the average polarization is affected.

The predicted average energy as a function of horizontal position at the
experimental target position is shown in fig. 4. There is a flat central region
corresponding to the same in the trapezoidal neutron profile (see fig. 2). This
is flanked by two sloped regions corresponding the side-slopes of the neutron
profile. Their average energy rises (falls) with displacement from beam center
as the view through the aperture cuts off more and more of the down-stream (up-
stream) part of the LD, target. As with the neutron profile, a roll-off from the
flat region can be observed at about +30 mm. This arises from the LD, target
misplacement. The ‘wings’ of the beam have a discontinuous change relative to
the central average because they have scattered from the opposite side of the
neutron collimator (and have higher or lower energy as per the corresponding
neutron energy profile side-slope from which they scattered).

6. Polarization

The incident proton polarization is measured in polarimeters in the 4A
beam line [1] [16] [17]. Neutron polarization monitors [1] were used to calibrate
the proton precession by a solenoid in the 4A beam line (see fig. 1) and by two
neutron spin-precession dipoles (“H” and “V”) in the neutron area. The effect
of the 4AB2 dipole that bends the proton beam towards the 4A beam dump
was also taken into account. The solenoid precesses the proton spin by 90° into
the horizontal plane; the vertical-field dipole (“V”) and 4AB2 (“Clearing Mag-
net”) align the neutron spin along the beam direction; and the horizontal-field
dipole (“H”) precesses the neutron spin once again into a vertical direction.
These calibrations apply only for the nominal neutron energy. For more refined
calculations, it is necessary to calculate the precession as a function of neutron
momentum using the initial neutron sideways polarization. This requires knowl-
edge of r; as a function of the neutron energy from d(§,7@)pp. Such predictions
from the Monte Carlo are used to derive the average polarization as a function
of energy and position.

Fig. 5 shows the energy dependence of the spin transfer at four incident
proton energies.

Conclusion

For analysis of high accuracy neutron scattering experiments, complete
knowledge of the properties of the neutron beam is required. Specifically, knowl-
edge of the position of the beam relative to the target and assurance that the
target is within the flat central region of the beam profile, and that it is also
within the region of flat average energy and polarization as a function of posi-
tion, are crucial. To calculate the average energy of a polarized neutron beam,
the profile must be weighted by the polarization dependence on energy. This
1s an important consideration for the CSB experiments, as comparisons must
be made between polarized and unpolarized neutron beams. This document re-
ports the properties of the TRIUMF neutron beam as compared to Monte Carlo
predictions.
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Table 1.
Dimensions of the cylinder holes that define the neutron collimation, as de-
scribed in the text.

Section Diameter (mm) Width (mm) Height (mm) Height (mm)

# >Nov. 1991 <Nov. 1991
1 102 39.1 22.5 18.2
2 102 39.8 24.1 19.6
3 102 40.5 25.6 21.0
4 102 41.2 27.0 22.4
5 102 41.9 28.5 23.8
6 102 42.6 30.1 25.2
7 127 43.3 31.6 26.6
8 127 44.0 33.0 28.0
9 127 44.7 34.4 29.4
10 127 45.4 35.9 30.8
11 127 46.1 37.3 32.2



Figures

1. A schematic representation of the TRIUMF 4A (4A/1 and 4A/2) beam

line. Proton Beam

-—
«s—— 4-Branch

2. A comparison of the Monte Carlo prediction (solid curve) to the mea- Proton Polarimeter

sured neutron profile monitor data for the horizontal profile for the CSB

. . . . «—— Proton Polarimeter
experiment {5]. The slight depression at the center of the data is from Beam Energy Monitor

the experimental target (not included in the Monte Carlo). In keeping (Smell 0)
with the normal convention, left of beam looking downstream is defined Spin Pr.
as positive. Liqus?r .l;:::cﬂum Solenoid (L)

3. Neutron spectrum as a function of energy for data from ref. [10] at: (a) a———— Clearing Magnet
E, = 192 MeV; and (b) E, = 280 MeV. The open symbols indicate the D)
neutron spectrum as predicted from the Monte Carlo simulation. The :;:5{:::‘1
solid line indicates this spectrum convoluted with a Gaussian (in the TOF Polarimeter Collimator
domain) whose parameters are derived from the AE = E,,, — E,,. in-
formation. This has been normalized to the data (solid symbols) derived 9" Port

from the average of measurements of E,.; and E;,.. These energies were 3\

chosen to demonstrate the shape of the spectrum due to the predictions Spin Precession Lead Collimator
of ref. [12] because above this the uncertainty in the TOF measurements Dipoles ™. E[D (#)
dominates the shape. The flatness at the peak apparent in (b) may arise Scintiliator
. . . . Experiment Targst Locat!
from the phase (timing) width of the extracted proton beam, which is not DLCa ) / =
necessarily Gaussian. :J RN Scintillators
4. Average energy as a function of the horizontal position at the experimen- 3
t?l 1tlla.'rg.et location for E, = 192 MeV as predicted by the Monte Carlo Neutron > ) Neutron Beamm
simulation. Array Profile Monitor

5. Neutron energy profiles (a) and spin transfer, r,, (b) as a function of 4~Branch
neutron energy at four incident proton energies: 192.1 MeV (solid squares), Neutron Polarimeter
235.0 MeV (open triangles), 279.8 MeV (solid diamonds), and 369.0 MeV
{open circles).
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