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Abstract. Prior studies revealed neutron beam-induced alkali-metal spin relaxation in 3He
cells polarized in-situ by spin-exchange optical pumping. These effects are minor for neutron
beams of low to moderate intensity, but become important at the highest neutron flux levels
available in the full spectrum beams of high flux neutron sources. It was found that the
relaxation consisted of a fast and a slow component, but the origin of neither is understood.
This work further explored the mechanisms of this effect by measuring the magnitude and time
dependence of alkali-metal spin-relaxation rates as a function of N2 and 3He composition. The
experiments were performed on a thermal neutron beam line at the Institut Laue-Langevin with
a maximum neutron flux of 2.4×109 cm−2 s−1.

1. Introduction
Polarized 3He has applications in many areas of neutron science as a neutron polarizer or
polarization analyzer as neutron spin filter cells (NSF) [1, 2]. While typically the metastability
exchange optical pumping method (MEOP) [3] can produce more polarized 3He, up to 1 bar-liter
to 2 bar-liters per hour [1], current methods with spin-exchange optical pumping (SEOP) can
also provide high production rates. Methods such as frequency narrowed diode array bars [4, 5]
and hybrid SEOP [6] have led to increased performance and speed for this method such that cells
containing more than 1 bar-liter to 2 bar-liters of gas can be polarized in 1 day time scales [7, 8].
Additionally both methods have achieved 3He polarizations of 80% with neutron measurements
[1, 9, 10]. However the 3He is often polarized in a laboratory away from the neutron instrument
and thus undergoes polarization decay with typical time constants on neutron instruments of
100 hours to 300 hours.

In-situ optical pumping is one way to counteract the effects of the polarization decay of the
3He and potentially improve time averaged neutron performance and 3He polarization. True
in-situ optical pumping to maintain steady 3He polarization can currently only be done with the
SEOP method as it can be performed at the 3He pressures required for use as a neutron spin
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Figure 1. The spin-exchange optical pumping setup used for this experiment. One pump laser
was used which counter propagated with the probe laser.

filter. However previous studies performed by members of this team, on the fundamental neutron
physics beam line PF1B at the Institut Laue-Langevin (ILL)[11], had shown adverse effects to
the performance of the optical pumping process in conditions of extreme levels of neutron flux
which are currently normally only experienced in cold neutron particle physics beams. With
increased instrument neutron flux due to ever improving neutron optics and higher intensity
neutron sources, the effects could eventually be relevant to developing 3He spin filters for such
new instrumentation.

The reduced optical pumping performance is caused by increased alkali-metal relaxation rates
which in turn increases the amount of required laser power. In extreme cases this leads to lowered
alkali-metal polarization and thus lowered 3He polarization. In high flux conditions this increase
in alkali metal relaxation was measured vs neutron flux from 4×107 s−1 cm−2 to 5×109 s−1 cm−2

for a cold neutron spectrum (i.e. mean neutron wavelength 0.45 nm) and appeared to follow a
square root of flux dependence [12]. The exact cause of the effect was not understood and it is
further complicated by the fact that the effect was found not only to depend on neutron flux,
but it also appeared to have two relevant time scales, one affecting the alkali metal relaxation
quickly, in less than a second, and the other affecting it on time scales on the order of hundreds of
seconds. Additionally, the alkali-metal relaxation seemed to depend on the amount of nitrogen
buffer gas in the cell. Nitrogen, which must be present in SEOP cells to prevent radiation
trapping, while probably preventing effects of ionization on direct 3He nuclear spin relaxation as
was observed in particle beam experiments [13, 14], seemed to be increasing the magnitude of the
alkali-metal spin-relaxation for the neutron beam case. Consequently, additional measurements
were conducted in order to explore the the nature of the two time constants observed in the first
experiments and also the nitrogen pressure dependence of the effect.

2. Experiment
The same apparatus as in Ref. [15] was installed on the tomography beam line at the ILL
and is shown in Fig. 1. This beam employs thermal neutrons with an assumed mean neutron
wavelength of 0.18 nm and a particle flux of 2.4×109 s−1 cm−2. The flux was calibrated using
the gold foil activation method and was a constant intensity over the duration of the experiment.
The neutron flux could not be varied in a calibrated way to do flux dependent tests. Since this
beam has a different mean neutron wavelength than in [12] it has a different fractional neutron
absorption for a given cell and has roughly half the absolute particle flux of the beam used in
that prior work. For confirmation, the cell Lucky Luke was used in both experiments and gave
a reasonable agreement in the measured effect when corrections for the differences in the two
beams are made, despite the very different characteristics.
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Figure 2. A sample of the measured alkali-metal relaxation rates, Γ, as a function of time after
the beam was opened, red triangles, or closed, blue squares, for the cell Tin Man.

The alkali-metal relaxation was measured in the same way as in Ref. [12] using a method
referred to as relaxation in the dark [16]. A diagram of the apparatus is shown in Fig. 1.
The alkali-metal was polarized to low polarization by the optical pumping laser running at low
power and at a wavelength a few nanometers away from the Rb resonance. A low power linearly
polarized probe laser tuned to 778 nm was then used to observe the Faraday rotation, which is
proportional to the Rb polarization for constant Rb density, while the pump laser was chopped
at about 1 Hz to observe the decay transients of the Rb polarization. The alkali-metal relaxation
was in this way measured as a function of time after the beam was opened or closed. In this
paper we will always report the measured alkali-metal relaxation rates, which are a factor of the
slowing down factor lower than the actual electronic relaxation rates which are proportional to
the photon demand to polarize the vapor [17]. A sample of data is shown in Fig. 2. In this way
we were able to extract the fraction of the effect that happened quickly at t=0, and the fraction
that happened with a long time constant from the t=0 intercepts of exponential fits to the data.

The tomography beam had a “fast shutter” that could be used to block the neutron beam
(but not the epi-thermal components of the spectrum which are not absorbed by the 3He cell
anyway) on the time scale of less than one second. From observing the response of the Faraday
rotation signal while this shutter was pulsed, it appeared that the quick change in the alkali-
metal polarization was coincident with the opening and closing of this shutter, verifying previous
observations [12], but with more confidence.

For these measurements 4 cells were used, 3 permanently sealed cells of different 3He and N2

gas compositions and one valved cell that allowed us to vary the 3He and N2 partial pressures.
The parameters of the cells and the different fillings for the valved cell are given in Table 1.
Most of the relaxation measurement data was taken at a temperature of 170 ◦C as measured by
a thermocouple placed near the cell. For the Lucky Luke cell data was also taken at 150 ◦C and
190 ◦C. The 190 ◦C data had a higher zero flux alkali-metal relaxation in agreement with the
known temperature dependence of the relaxation cross sections for the gas composition of the
cell. The change in measured alkali-metal relaxation showed the same magnitude and it had the
same fraction of slow and fast components as the 170 ◦C data within uncertainties. The 150 ◦C
data is more complex. The measured alkali-metal relaxation when exposed to the neutron flux
for the first time rose from 15 s−1 to 126 s−1, in rough agreement with the 170 ◦C and 190 ◦C
data for the total change in alkali-metal relaxation. The initial zero flux relaxation rate of 15
s−1 before exposure to the neutron flux was again in agreement with the known cross sections
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cell name [3He](bar) [N2](bar) L1 (cm) L3 (cm) An ΔΓ (1/s)±5%
Lucky Luke 0.5 0.1 5.0 1.6 0.33 100
Tin Man 0.5 0.4 2.0 0.6 0.28 176
Scarecrow 0.5 0.02* 8.4 3.0 0.28 36
valved cell 0.64 0.12 4.0 1.3 0.34 141

0.90 0.02 5.1 1.8 0.45 119
2.4 0.05 1.9 0.7 0.79 296
2.2 0.4 1.2 0.4 0.77 354
0 2.0 0.5 0.1 0 0

1.4 0 3.6 1.4 0.60 96
0.4 0 12.8 4.8 0.23 58

Table 1. List of cells and their parameters used in this experiment. All the cells were 5 cm by
5 cm cylinders except for Lucky Luke which is a 6 cm by 6 cm cylinder. The * on the [N2] value
is to denote this parameter is not well known due to the factors at the time of the cell filling.
All of the cells contained Rb only for alkali-metal. L1 is the stopping length of proton created
by a neutron absorption and L3 is the triton stopping length. An is the fraction of absorbed
neutron flux assuming a thermal Boltzmann distribution with 0.18 nm peak wavelength. ΔΓ is
the total change in measured alkali-metal relaxation. All quantities are assumed accurate to the
last digit except for ΔΓ which has a relative standard uncertainty of 5 %. The error bars are
determined from the typical uncertainties in the exponential fits to the alkali-metal relaxation
vs time such as those shown in Fig. 2.

for the cells gas composition and temperature. However after 2000 s with the beam off, the new
zero flux relaxation remained higher than expected at 44 s−1.

The time constants for the build up and decay are not necessarily the same. As can be seen
in Fig. 2 the time constant for the build up of alkali-metal relaxation after the neutron beam is
opened appears to be faster than the decay after the neutron beam is closed. For the data shown
in Fig. 2 the time constant was 320 s ± 50 s for the build up and 550 s ± 25 s for the decay of
neutron induced alkali-metal relaxation. For the valved cell without N2 the build up of relaxation
happened very quickly, reaching its maximum value after perhaps 30 s with the decay having a
time constant of 165 s ± 45 s and 320 s ± 20 s for the 0.4 bar and 1.4 bar 3He data respectively.
Because of this it is more difficult to extract the slow and fast components for the valved cell
without N2 for the build up data. The extracted values of the slow and fast components for
the zero N2 data points are from the decay only which gave reasonable exponential fits. For
the other data points the values are the average values obtained from the zero-crossings of the
exponential fits to the build up and decay. The relative standard uncertainty for this analysis
is 10% of ΔΓ for both the slow and fast component.

The valved cell always had higher alkali-metal relaxation than the sealed cells. Even in
the absence of neutron flux the measured alkali-metal relaxation rates were higher than what
one would expect from the known relaxation cross sections for the filled gas composition and
temperature. This was most likely due to the presence of additional gas impurities from the filling
of the cell. This makes it difficult to compare the valved cell directly in absolute terms with
the sealed cells. Since the measured alkali-metal relaxation without neutron flux was stable
over the course of the experiments and was repeatable, we believe the data can still provide
additional qualitative information on the observed effects. However as can be seen in Table 1
it appears that the magnitude of the neutron induced alkali-metal relaxation is higher for cell
fillings similar to those of the sealed cells measured, therefore it is likely the unknown impurities
are also influencing the neutron induced alkali-metal relaxation mechanisms.
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Figure 3. The measured alkali-metal relaxation versus [N2] for the sealed cells. Black bow-ties
are the total change in measured alkali-metal relaxation, blue squares are the deduced slow
portion, and red diamonds are the deduced fast portion. The x-axis error bars for the Scarecrow
cell are included because the value of [N2] for this cell was estimated from it optical pumping
properties and has an uncertainty of ±0.02 bar.

In Fig. 3 the amount of change in alkali-metal relaxation as a function of N2 pressure is plotted
for the three sealed cells. As one can see, the slow component is increasing with N2, however
the fast proportion is more steady. Ref. [12] showed that the increase in alkali-metal relaxation
followed a square root of neutron flux dependence. Here all of the sealed cells measured had
similar amounts of captured neutron flux due to their similar 3He densities, thus no corrections
for neutron absorption are needed to compare the data from one cell another.

As stated earlier the valved cell data is complicated because of probable gas contamination
due to the cell refilling process. This contaminant increased the alkali-metal relaxation rates
in the absence of neutron flux by as much as a factor of 2 over what was expected for the
measured temperature and gas fill pressures using the known Rb-Rb, Rb-3He and Rb-N2 spin
destruction cross sections. Since we do not know the exact origin of the increased relaxation
in the valved cell, it is impossible to surmise how it could have affected the relaxation during
neutron absorption, and we show this data noting this strong caveat. As a control the valved
cell was also filled without 3He, i.e. only N2 buffer gas. Without absorbed neutron flux there
was no observed change in alkali-metal relaxation.

The neutron absorption is a function of [3He] where in Ref. [12] the increased alkali-metal
relaxation effect was shown to scale as the square root of absorbed neutron flux. Given the
range of [3He] values measured for the valved cell, these data should thus be normalized to the
square root of the relative neutron absorptions, i.e. by A1/2

n , where the values of An were given
in Table 1. Figure 4A plots the fast and slow components and total ΔΓ normalized by A1/2

n for
the valved cell data versus [N2]. One may see that the slow components show a dependence on
[N2]. However the data from the 2.4 bar 3He filling seem to contradict the hypothesis that the
N2 is mainly responsible for the increase in the magnitude of the effect given this cell had a very
low [N2] but high ΔΓ.

Perhaps the high ΔΓ for this cell filling is because when [N2] and/or [3He] are changed the
energy captured by the gas of the cell is also changing. The absorption of neutrons by the 3He
creates charged hydrogen and tritium nuclei which deposit energy as they travel through the
cell before either coming to rest in the gas or hitting the cell’s wall, where the distance travelled
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Figure 4. The measured alkali-metal relaxation versus [N2] (graph A) and captured power
density (graph B) for the valved cell with different gas fillings. In both graphs the values of ΔΓ
have been normalized by A1/2

n to account for the flux dependence shown in Ref. [12]. Black bow-
ties are the total change in alkali-metal relaxation, blue squares are the deduced slow portion,
and red diamonds are the deduced fast portion. The numbers labelling the markers denote the
3He pressure of the cell for the particular cell filling as given in Table 1.

inside the cell, and thus energy deposited in the gas, is a function of both [3He] and [N2]. This
effect should also be considered in order to compare the valved cell data. Thus we also plot
in Fig. 4B ΔΓ normalized by A1/2

n versus captured power density, the calculation of which is
described below, for the given gas composition.

The stopping power of a gas target for charged particles is a function of the gases in the
target and their density. The stopping length of the 1H in one bar of 3He and N2 is 5.1 cm and
1.0 cm respectively, and for the 3H the stopping length is 1.9 cm and 0.3 cm in one bar of 3He
and N2 respectively. The total stopping length values L1 for the 1H and L3 for the 3H for the
for cells used in this work are given in Table 1. As can be seen the size of our cells is comparable
to these stopping lengths, with some values larger than the cell size and others much smaller,
thus the captured power will be varying significantly over our range of cells.

The amount of captured power density, i.e. average energy per second per unit volume
captured in the gas by the slowing of the charged particles created by the 3He-neutron capture
reaction, was therefore estimated with a simple model. The random paths of the 573 keV 1H,
and 191 keV 3H created when a neutron is absorbed by a 3He nucleus are simulated. Then
given the location in the cell where they originated we calculate whether or not the particles
are stopped in the gas or by the cell’s wall. The particles stopped in the gas are then used to
calculate the average captured power density, and the particles reaching the wall are considered
to deposit their energy there. We do this because the energy deposited along the particles path
is a function of particle velocity, with more energy deposited per unit length as the particle
becomes slower near the end of the particle’s range. Therefore since for the purposes of this
discussion, where we discuss our measurements of alkali-metal relaxation measured along a line
through the center of the cell, we feel this crude model is sufficient to discuss the data.

As can be seen in Fig. 4B the fast component is relatively constant over the range of captured
power densities. When scaled by the square root of absorbed neutron flux the 0 N2 cell fillings
(i.e. the 0.4 bar and 1.4 bar 3He points) show nearly the same increase in alkali-metal relaxation
despite the different captured power densities. For the other cells it could be argued that the
slow component is increasing with captured power density. Given the caveats of the valved
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Figure 5. The measured relative 3He polarization vs. time for the Roadrunner cell, a double
chamber cell, via NMR free induction decay. During the time labelled ”beam on” the spin filter
portion of the cell was exposed to the flux of the neutron beam while continuing to polarize the
cell via the spin-exchange chamber which was outside of the neutron beam. The observed 3He
polarization was not affected by the absorbed neutron flux in the spin filter chamber.

cell data, namely the unknown influence of the cell impurities, it is hard to draw a conclusion
whether [N2] or the captured power density is the only relevant or more important parameter
from the data in Figs. 4A and 4B alone.

3. Double chambered cell
Provided the ionization effects do not cause direct mechanisms leading to nuclear spin relaxation
of the 3He, then a clear solution would be to use double chambered cells where the optical
pumping process is isolated from the neutron absorption region. In the double chamber cell
we used here, called the Roadrunner cell, the two chambers of approximately equal volumes
of 30 cm3 are connected by a small 6 mm inner diameter 5 cm long transfer tube to allow for
transport of polarized 3He between the chambers. As a test of this principle we installed the
Roadrunner cell and polarized the spin-exchange chamber in situ while exposing the neutron
spin filter chamber to the high neutron flux. The relative 3He polarization was monitored using
NMR free induction decay. Fig. 5 shows that the trend in the 3He polarization was not modified
by the neutron absorption. After this test we removed the cell and calibrated the remaining 3He
polarization on a different beam line were it was found to have reached over 50% during this
test. Full details of this test have been described in Ref. [12].

4. Comparison to prior work and conclusions
The work conducted in the PF1B experiments, Ref. [12], measured the additional alkali-metal
relaxation as a function of incident neutron flux and found a square root dependence on the
absorbed flux for a given cell. This square root dependence was measured using sealed cells
by varying the incident flux using calibrated neutron absorbers, keeping other parameters and
experimental conditions fixed and thus was a robust measurement. Most of the cells in this
work had similar levels of neutron absorption and also had similar values of [N2], ranging from
0.07 bar to 0.12 bar, except for one cell which had 0.5 bar N2. The cell with 0.5 bar N2 clearly
showed a much higher level of neutron induced alkali-metal relaxation. This indicates at least
two dependent parameters to consider when comparing the two experiments.
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Figure 6. The measured change in alkali-metal relaxation verses captured power density for
the cells from the PB1B experiment [12] (black downward triangles) and the sealed cells from
this work (red upward triangle). All of the values of ΔΓ have been normalized to the square
root of the normalized absorbed neutron flux, where the normal neutron flux (i.e. flux=1) was
taken as the full flux of the tomography beam line used in this work.

The data for the Lucky Luke cell from this experiment can be compared with its data from the
PF1B experiment because it was measured in both beams. When the values for the Lucky Luke
cell from the PF1B data are fit to the square root of absorbed neutron flux, the fit values would
predict a measured increase in alkali-metal relaxation of 67 s−1 for the measured neutron flux of
the tomography beam line and 3He density of the Lucky Luke cell. We measured 100 s−1 ± 5%
and feel this is reasonable agreement given the different conditions of the two experiments. We
can surmise the limited knowledge of the spectrum of the tomography beam used here, or some
other factor such as perhaps sampling a different location in the cell with our probe beam could
lead to such a difference.

In Fig. 6 we plot the data from the the sealed cells in this work and the data from PF1B
for ΔΓ/A1/2

n versus captured power density. To account for the differences in absorbed neutron
flux from the two beams we have used the measured neutron flux of the tomography beam in
this work as a normalization constant. The relative neutron absorptions of the cells used in the
PF1B experiment, for the energy spectrum of that beam, were given in Ref. [12], then given the
flux on PF1B was 4.7/2.4 or 1.96 times that of the tomography beam, one can normalize the
PF1B data to the square root of the absorbed neutron flux relative to the flux of the tomography
beam. In this plot we can see the data from the PF1B experiment did not show a dependence
on the captured power density, the only indication was of a dependence of the effect on [N2].
The magnitude of the neutron induced relaxation observed here, is slightly higher, after scaling
to the square root of absorbed neutron flux as stated above, but within reason given differences
in the two experiments.

In conclusion, it is still not possible to determine the definitive origin of the mechanism
involved in the unexpectedly high alkali-metal relaxation observed in high flux neutron beams.
The measurement of the square root dependence was not repeated during this study but is
assumed from the prior work and used to compare the data obtained in this work. We have
confirmed that the neutron induced alkali-metal relaxation is increasing with [N2] but it is
unclear if this is due to a relaxation mechanism involving the nitrogen directly, or because of the
effect of nitrogen density on the charged particle stopping power of the cell; the data from the
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PF1B work and the valved cell data in this work may lead one to different conclusions. We have
confirmed the presence of two time scales for neutron induced alkali-metal relaxation. The fast
component happens on a time scale of less than 1 s and seems relatively constant with respect
to [N2] or captured power density. The slow component is increasing strongly with respect to
captured power density or [N2].

It is hard to imagine a way to eliminate this effect given the fast component alone such
that efficient optical pumping could be done under conditions of absorption of extremely high
neutron flux. At moderate flux levels the effect could likely be overcome with higher power
optical pumping sources. Whereas at the highest neutron flux we believe the practical solution
will be to perform the polarization of the 3He outside of the neutron beam. With SEOP this
can be accomplished in an in situ polarizer using a double chambered cell following the success
using this technique for polarized electron scattering targets [18].
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