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Abstract 

A large area pola rized 3He neutro n spin filter has been developed and tested in long-term operation. The pola rizer cells have a rea 
50 cm2 and la rger allowing access to a large area neutron beam. Polariza tion of 3He up to 57 ± I% was measured by monitoring the 
neutron tra nsmission through the 3He. The pola riza tio n was mainta ined over the course of several weeks, but the maximum a ttaina ble 
po la riza tio n declined over the course of a year-lo ng run as the cell degraded , possibly due to long- term exposure to the neutron beam at 
high temperatures. T he resulting neut ron polariza tion a nd transmission a re velocity dependent and are optimized for 5 A. Cell 
construction, polarizer design, performance, a nd polarimetry a re described in this pa per. 
eD 2007 Published by Elsevier B.Y. 

KeYlI'ords: Polarized neut ro ns; Pulsed neut rons; Symmetry tests; Spin fi lte rs; Po la rized ' He 

l. Introduction and motivation 

Polarized neutron beams are sought for a wide va riety of 
applicatio ns including neutron sca ttering [I], neutro n beta 
decay [2], and hadronic parity violation [3] . F or beta decay 
and pa rity vio la tion experiments, which a re in pa rt· 
sta tistics limited , the largest practical cross-sec ti onal area 
and lo ng- term operatio n are essential. F or the next 
generation of pola rized neutro n beta decay experiments 
tha t follow PERKEO-2 [4], precise knowledge of the 
neutron po larizatio n at the 10- 3_ 10- 4 level is essential to 
reducing systematic effects. With the completion of the 
Spa lla ti on Neutron Source, new oppo rtunities wi ll emerge 
to explo it the neutro n time-of-f1i ght dependence of 

*Correspondi ng au tho r. 

E-II/ailaddress: chuppllI umich.edu (T.E. Chupp) . 


0 168-9002/$ - see fro nt ma tter \l j 2007 Pub lished by Elsevier B. V. 
do i: 10. 10 16/j.nima.2007.02.091 

polarizatio n o bservables [5]. Polarized 3He has long been 
recognized for its potentia l as a neutron polarizer due to 
the nea rly perfect spin dependence of the a bsorption cross­
section for the 3He(n,p)·1H reaction . Techniques fo r 
producing sufficient qua ntities and pola rization of 3He 
ha ve s teadi ly improved for bo th spin-exchange polariza­
ti on [6 ,7] and metasta bility exchange [1,8] . A spin-excha nge 
pumped 3He spin filt er can be exceptio na lly useful in these 
applica tions because of the la rge area, continuous po la r­
iza ti on, low gamma backgro unds, modest (e .g. I mT) 
magnetic fields, a nd the ease of reversing the 3He spin with 
NMR techniques. 

T he .1He spin filter described in this paper was developed 
fo r the n+ p --7 d + y experiment. The goal o f the 
experiment is the measurement of the parity violating 
asymmetry Ay, i.e. the co rrela ti o n of y-ray emission with 
respect to the neutro n spin , tha t a rises due to the weak 
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interaction effects in the I H(n, y)2H reaction . The weak 
interaction , solidly establi shed as pa rt of the Standard 
M odel, is generally well characterized a t the quark level. 
An exception is the fl avor-conserving, non-leptonic sector , 
which is addressed by nucleon- nucleon pa rit y vio la tion 
measurements . The full strong interaction (i.e. QC D) 
description of nuclear fo rces must include the hadronic 
weak interactio n, and a va riety of few nucleon measure­
m ents a im to complete the description [9]. The observa ble 
Ay isola tes the 11! = I component of the nucleon- nucleon 
weak interaction , a nd thus the measurement of A y ca n 
accura tely revea l the strength of the pion contribution 
a nd considerably reduce the statistica l and theoretica l 
uncerta inty in the value of the hadronic weak coupling 

consta nt / " . 
A 3He spin filter can a lso be crucia l to measurement of 

correla tio ns in po la rized neutron beta-decay. M easure­
ments of pa rity [4] and time reversa l viola tio n [2, I 0] pro be 
the Standa rd M odel couplings a nd physics beyond the 
Standa rd M odel. The strength of pa rity viola tio n in the 
asy mmetry o f electro n emission with respect to the neutro n 
spin (the A-coeffi cient) has been measured with precisio n 
bette r than 1% [4], but the systematic error due to the 
uncertainty o n the neutron polariza tio n has become a 
major limita tio n . T he goa l o f the nex t genera tio n of these 
experiments is 0. 1 % o r better [4 , 11 , 12], thus the a bility to 
reverse the spin-filter pola riza tion sense with respect to the 
neutro n-spin tra nspo rt magnetic fie lds and the precisely 
known time-o f-fli ght dependence of the neutron polariza­
ti on is a va lua ble tool. Ou r a na lysis of the IT + p ---+ d + y 
spin filter perfo rma nce illustra tes the feasibility a nd the 
cha llenges of 0. 1 % and better po la rimetry for a pulsed cold 
neutro n beam. 

2. Apparatus and techniques 

T he neut ron spin filter is a key component of the IT + 
P ---+ d + Y experiment a t LANSCE, the Los Alamos 
Neut ron Science Center. In F ig. I, a schema tic of the IT + 
p ---+ d + y experimen t o n FP 12 [13], is provided fo r 
o rienta tio n. The pulsed neutron beam is provided by 
spa ll a ti on produced by 800 MeV protons incident on a 

tungsten ta rget a t 20 Hz. The neut rons therma lize in a 20 
K cold hydrogen modera to r [14] viewed by a super-mirror 
neutron guide [15] . A chopper defines a specified wave­
length ra nge a nd cuts off lo nger wavelength neutrons from 
each pulse, preventing them from traversing the appara tus 
during the next pulse. 

The entire experiment is enclosed within a shielding cave 
constructed of steel and bora ted plastic . The steel a lso 
serves as a flu x return fo r the magnetic fi eld . A uniform 
vertical magnetic field of about ImT is mainta ined by a set 
o f co ils. The neutrons a re polarized by the 3He spin filt er 
a nd pass thro ugh an R F spin flipper befo re interacting with 
the liquid pa ra- hydrogen ta rge t. The nomina l neutro n 
po la riza tion is in the vertica l direction . T he 2.2 M eV y-rays 
from neut ron capture in the 16 I hydrogen ta rget wi ll be 
detected by a n a rra y o f 48 Cs i gamma detectors. T he y-ray 
a ngula r distribution is Ay cos e, where e is the angle 
between the neut ron spin a nd the photon momentum . 
Beca use of the high neut ro n ra tes, the detectors and 
mo nitors a re opera ted in current mode by converting the 
sci ntilla ti o n light from Csl(TI) crysta ls to charge using 
vacuum photodiodes [1 6]. The pho tocurrents a re then 
converted to voltages a nd amplified by low-no ise solid ­
sta te elec tro nics [1 7] . The neut ro n beam is monitored by 
three monitors, la beled M I , M 2, a nd M 3. T hese measure 
the neutron flu x a t each position. The mo nito rs M I and 
M 2 are thin , each transmitting abo ut 94% of the neut ron 
beam (a t 5 A). T he mo nito r M 3 is thick, but d a ta fro m M 3 
are not used for the analysis presented here. The effect of 
the 3He o n the neut ron flu x is used to determ ine the 
neutro n and 3He pola ri za tions as descri bed below. 

2. 1. Spin f ilter principles 

T he prima ry 3He-neutro n interaction is absorption 
th ro ugh a broad unbo und 0+ resona nce in 3He + n, which 
breaks up into I H and .1 H [18]. Resonance a bsorption 
occurs o nly if the neutro n and 3He spin a re in a singlet 
sta te, i.e. the neut ron and J He spins a re opposite. Thus, the 
a bsorption cross-sectio n is nea rly completely spin depen­
dent a nd pro po rtio nal to neut ron wavelength ).. For 
neutro n spin up (t) or d own (-!-) with respect to the ' He 

Protoo Shutter Preamps n Beam B1j I Chopper 
I Cs i 

i D~ l' [OJ l' '------'---'---
Spa llation 

Target Biological 

Shield 
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Fig. I . Schematic or the layout or the Ii + P -> d + y experiment at LANSCE Flight Path 12. The apparatus is inside a cave lined wi th sort iron that serves 
as magnetic shielding and a flux return . The magnetic field is ve rtical (up or down). 
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spin , the cross-sections a re given by 

~ A 1+ P30' = 0'0---- ( I ) 
AO 2 

where 0'0 = 5333 b is the thermal cross-sectio n at AO = 1.8 A 
a nd Vo = 2200m/ s [19], and P 3 is the ' He pola rization. In 
addition to a bsorption, neutrons are scattered by ' He in 
both the singlet and triplet states with a 3.1 b cross-section 
[19]. For No unpolarized neutrons incident o n pola rized 
' He, the transmitted neutron beam will have unequal 
fractions of spin-up a nd spin-down neutrons given by 

(2) 

where 13 is the ' He a rea l density. For a perfec t system, the 
neutron pola riza tion is 

Nt - N~ ( }' ) 
P = N t + N~ = ta nh 0'0 / 3PJ Ao (3) 

and the tra nsmission is 

T = N t : 0N~ = exp ( -0'0 / 3 A~) cosh ( 0'0 / 3P3 :J. (4) 

T hese rela tionshi ps are used in the ana lysis using the 
monitors M I a nd M 2, described in Sectio n 3. The neutro n 
pola ri za tion can be made a rbitrarily close to unity by 
increasing 13 fo r any finit e P3; however, the transmission is 
reduced as 13 increases for a ny P 3 less than un ity. 
Polarization of ' He grea ter tha n 50% is ro utine, a nd the 
figure of meri t, the a ppropria tely averaged (P2 T) can be 
optimized for a specified wavelength range a nd P 3. 

2.2. 3He polarizatiol1 

The ' He is po la rized via spin exchange with laser 
polarized ru bidi um [6,20,2 1] . Spin excha nge has been 
applied broad ly for neutron spin filters [7,22,23], polarized 
targets for electro n sca ttering [24- 26] , for medica l imaging 
[27], a nd has been ex tensively studied [28- 30], tho ugh a 
complete understand ing of the limita tions of spin exchange 
has no t yet been compiled [30]. The principle has been 
described in deta il in ma ny ea rlier papers (see for example 
Ref. [21,28,29,3 1]), a nd is described o nly briefl y here. 

M ost genera lly the po lariza tion of a n ensem ble of ' He 
nuclei with P 3(0 ) = 0 can be wri tten as 

1 

P (t) = (PRbI1 Rh )ksE (I - e - ()'SE+ / ) I) . (5) 
'l'SE + T 3 

Where 

I1Rb(r)'l'opl(f) 3 
(PRbI1 Rb) = d r . (6) 

cell 'l'oPI (f) + TSD(f) 

Here, I1Rb(r) is the rubid ium number densi ty, and 'l'opl (f) is 
the position depe ndent convolution of the laser intensi ty 
and photon absorptio n cross-sectio n. The spin-destruction 

ra te per rubidium a tom, TSD(f) , is domina ted by bulk 
Rb- Rb collisions with additio nal contributio ns from 
Rb-3 He, and Rb- N 2 collisions. Spin destructio n is stronger 
closer to the cell wa lls due to diffusion [32]. The velocity 
averaged spin-excha nge rate is 'l'SE = kSE(I1Rb) with 
kSE = (O'SEV), and T3 is the intrinsic cell relaxa tion ra te 
due to the combined contributions of dipo le-dipole 
relaxa ti on [33], wa ll relaxation [34], rela xa tion from 
diffusio n thro ugh magnetic field gradients [35], and 
other mecha nisms [30] . The wa ll relaxa tion rate is 
a ffected by pa ramagnetic impurities, such as iron a toms, 
and the glass permeability [36]. A fundamental limit on T3 
is the 3He dipole-dipole relaxa tion ra te, given by 
Td ~ 0.001 3 (113/ 110) h- l, where 113 is the 3He number 

1019 density a nd 110 = 2.68 X cm- 3 is the 113 at STP [33] . 
The facto r T3 may also include possible tempera ture or 
rubidium density dependent cont ributions to cell relaxa tion 
[30,37]. D iffu sion in magnetic field gradients increases as 
the pressure decreases. The la rgest component of the 
magnetic fi eld gradient across the spin filt er cell was 
measured to be 60 ± 30 I!T / m, and ' He relaxa tion ra tes less 
than 1/ ( 150 h) were measured , indica ting tha t the relevant 
magnetic field gradients were sufficiently sma ll. In contrast 
to electron-sca ttering ta rgets, which o pera te a t three to 10 
times higher ' He pressures, la rge a rea neutron spin filter 
cells a re limited to abo ut a tmospheric press ure fo r 
mechanica l reasons. T hus, neut ron spin filters have lower 
dipole- d ipole contribution to T 3. With a sufficiently 
uni fo rm magnetic field , 'l'SE can be va ried (by varying the 
cell temperature a nd thus I1Rb) to max imize the ' He 
po lariza tio n. Note, however, tha t cell temperature is a 
complica ted varia ble, which affects wa ll relaxa tio n, di ffu­
sio n, the rubidi um pola riza tio n grad ient a t the wa ll [28], 
R b-Rb coll isio ns [28], a nd a bsorption of the broadba nd 
laser li ght [38]. In genera l, the single cell neutro n spin fi lter 
runs a t lower tempera ture and lower laser intensity than 
electro n sca ttering ta rgets but absorbs less of the broad­
band laser light. (The absorptio n linewid lh fo r ' He is 
y = 1811/ 110 G Hz.) Electron sca ttering targets typica lly 
opera te a bove 170 °C with o ptica l pumping time consta nts 
of a 10- 14 h a nd a laser power density of 2 W/cm2

. For the 
spin fi lter running a t 160 °C, the time constant was a bou t 
20 h a nd laser intensity 0.4 W /cm 2

. 

2.3. Spin jiller cells 

Tablc I li sts an invento ry of spin filt er cells constructed 
for the n+ p -7 d + y experiment. The cells are la rge and 
ro ughly cylindrica l wi th inside d iameter a bo ut 10 cm or 
grea ter a nd length abo ut 5cm. T he cells are made of G E­
180 [39] boron free alumino-si lica te glass . The neutron 
tra nsmission th rough 3.5 mm of G E 180 glass, over the 
ra nge importa nt for the n+ p -7 d + y experiment , is 
shown in fi g. 2. The wavelength dependence is rela tively 
fl at a nd ~ 94% . The cell s are blown from glass melted 
from 15 mm stock tubing. A detailed descrip tion of cell 
production is presented in [40]. In short, a single cell is 

3
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Table I 
Cells made at NI ST for the n + p -> d + y experimen t 

Cell Dia meter Volume Thickness Lifet ime Maximum 
name PJ (±5%) 

(cm) (cmJ) ( 1020 cm-2) (h) (%) 

Ast ro 11 .3 640 1.4 730 58 
Pebbles 11. 1 508 l.l 350 6 1 
Di no 10.6 452 1.2 700 61 
Boo Boo 12.6 587 1.4 520 55 
Kirk 10.5 624 1.5 600 
Rocky 13.4 773 1.2 100 
Elroy 11 .0 430 1.0 100 

T he room-temperature li fetimes provide a measure of cell quality because 
the maximum JHe polarization genera lly improves with longer lifeti mes. 
The va lues for PJ were measured wit h a monochroma tic neut ron beam at 
N IST. 

0.96 

0.95 

. ,.".......---......... .c:: 
0 

.. -. _L , .." • •'u; . . ........
0.94 '" .~ ... .... ..... 
c:: , . 
~ 

0.93 

0.92 • 
2 3 4 5 6 

Wavelength (A) 

Fig. 2. Transmission of neutrons through a 3.5 mm thick sample of 
GE- 180 glass. 

a ttached to a glass manifo ld, a rubidium ampoule is placed 
in a side-a rm or a pre-packed glass break-seal ampoule is 
used. The cell is baked a t 400 °C for a t least 48 h to a base 
vacuum below approx ima tely I x 10- 7 mbar. T he cell is 
then fi lled with 67 mbar of N2 fo llowed by about 800 mbar 
of ' He (99% enrichment) and then sealed a t a pull-off with 
a torch . The fill ing procedure does no t genera ll y make use 
of LN2 or LHe cooling of the cell , which is used to produce 
cells wi th gas pressures exceed ing atmospheric pressure. 
T he cell used for the work described in this paper, BooBoo, 
is a n exception. BooBoo had a short lifetime (55 h) when 
firs t filled, and was refilled, a ft er being rinsed in nitric acid, 
to slightly above atmospheric pressure using LN 2. T he 
polariza tions given in Tablc I were prod uced wi th a 
broadband laser system and determined by neut ron 
transmission measurements on the NG6M monochromatic 
beam line a t the N IST Center fo r Neutron Research [41]. 

2.4. Cell heating and temperature contro/ 

The JHe spin fi lter cells a re mounted in a box made of 
heat stabilized nylon (MC901 from GE Polymer Shapes). 

The box is 33 cm wide x 30 cm deep x 26 cm high and 
mainta ins the cell a t 140- 165 °C. The box was designed to 
be significantly larger than necessa ry fo r the cells described 
in Table I in o rder tha t la rger cells could be used. The 
neutron beam passes through pairs of 0.2 mm thick, 15 cm 
diameter si ngle crysta l silicon wafers upstream and down­
stream of the spin-fi lter cell. A small ai r gap sepa ra tes the 
wafers in each pair. The laser light passes through uncoa ted 
glass windows above and below the cell. The oven is heated 
by ho t a ir tha t fl ows through two 750 W in-line a ir hea ters 
in seri es. One a ir hea ter is loca ted in the shield ing cave and 
provides a constant power. The air hea ter outside the cave 
is modula ted by a standard PIO controller to mainta in the 
selected process temperature. Temperature cont ro l to 
within a few degrees is sufficient. T he controlled a ir hea ter 
is placed outside the cave in order to minimize any noise or 
pick-up of contro l signa ls by the detector or da ta­
acquisition system. 

2.5. Lasers and optics 

Laser light is provided by two fiber-coupled 30 W 
(nominal) Coherent F AP systems [42]. T he FAP systems 
provide light fro m a fiber-optic bundle tha t is coupled to a 
system of lenses to produce a ro ughly rectangula r "spo t" 
on the cell. The lenses collima te the light so that the rays 
a re nea rly pa rallel, thus mitiga ting the skew light effect 
[43]. The unpola rized light from the fiber passes through a 
polarizing beam spl itter which produces two linearly 
pola rized beams, each of which passes through a ),/4 plate 
prod ucing two beams wi th the same circular polariza tion 
tha t overlap at the cell , about I m away fro m the polarizer. 
One laser beam pa ir is incident from above, and one is 
incident from below the cell. T he 3He polariza tion is in the 
vertica l d irect ion and can be para llel or opposi te the 
magnetic fie ld, depending on the orientation of the )"/4 
pla tes. 

T he F A P systems were selected as stable ro bust light 
sources tha t could run for months without major adj ust­
ment. T he laser power and wavelength was occasiona lly 
monito red and found to be sufficien tly sta ble for long-term 
operati on, until a laser or power supply fa iled completely. 
One part icular cha llenge of the FAP systems is the reduced 
a ir cooling effectiveness a t 2000 m a ltitude. T he spectra l 
output of the FA P systems is 1.5- 2 nm FWH M. T his is 
much grea ter than the abso rption linewidth of ru bid ium 
(less than 0.1 nm) though it is less than the p-state splitt ing. 
T he broadba nd laser diode a rrays (LDAs) are, however, 
quite effective for rubidi um optica l pumping, beca use the 
rubidium vapor is optica lly thick, and there is significant 
absorption even several linewidths off resonance [32]. 
Pola ri za tion over 55% was a tt ained with two broadband, 
30 W sys tems. Narrowed LOA ba rs have been shown to be 
more efficient [37,38]. In studies of 'optica l pumping of 
NPDGamma cells wi th spectra ll y na rrowed lasers 75% 
polariza ti on was obtai ned [7,30]. We expect tha t in the 
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future, narrowed LOA bars will be engineered to be 
sufficiently stable and robust [or long-term operation. 

2. 6. NMR monitoring and polarization reversal 

The spin filter was instrumented with pulsed and 
adiabatic fast passage (A F P) NMR [or diagnostics and 
to reverse the 3He spin. The pulsed NM R used a single 
sma ll 2. 5 cm diameter coil tha t probed only a small fraction 
o[ the cell volume. The coil was placed on the pull-o[[ 
(a small tube protruding [rom the side o[ cell that was used 
to fill the cell with alka li-meta l and gases) . The pulsed 
NMR ·circuitry switched the coil [rom the excitation pulse 
to the read-out electronics. Pulse angles o[ a few degrees 
were sufficient [or monitoring the polarization. The pulsed 
NMR was calibra ted in a neutron run using the monitors 
M I and M2, as described below. 

The A FP NM R was used to reverse the 3He pola riza tion 
with respect to the vertica l magnetic field. A set o[ 30 cm 
diameter helmoltz coils with their axis along the neutron 
beam provided the osci llating field . The oscillation 
frequency was ramped [rom fa r below resonance to far 
above resonance. The losses in AFP reversa l depend on the 
uniformity o[ the static and oscillating fi elds and on the 
sweep pa rameters: oscilla ting field strength and sweep 
ra te. With the sweep parameters and fi eld strength 
empirica lly tuned to sa ti sfy the adiaba tic and fast condi­
tions, losses o[ much less tha n I % (typically 0.1 % ) were 
achieved . 

2.7. Monitors 

Monito rs M I and M2 were used to make a set o[ 
measurements [rom which the neutron and 3He polari za­
tions can be determined. The monito rs were 12 cm x 12 cm 
parallel-pla te gas fi lled ion chambers with two outer high­
vo ltage electrodes and a center collection electrode. The 
two windows and three electrodes were a luminum a lloys. 
T he gas was a mixture o[ 3He, 4He, and N2. The 3He 
thickness was measured to be ( 1.01 ± 0.07) x 10 18 cm- 2 [or 

2M I and (0.99 ± 0.07) x 10 18 cm- [or M2 [44]. The 
expected neutron transmission thro ugh the 3He a t 5 A 
was 94% [or each monito r, wi th additional a ttenua tion 
and sca ttering [rom the aluminum a lloy ( I mm o[ 606 1-T6 
[o r each o[ the two o uter windows and 0.5 mm o[ 3003-H 14 
[o r each o[ the three interna l electrodes) . 

T he current [rom each monito r was converted to a 
voltage in a preamp, digitized a t 62.5 kHZ, and combined 
into 100 separa te 400 ~s bins. The preamplifier freq uency 
response was set by a mult i-pole filter with 5- 7 kHz 
bandwid th , set to optimize the signal-to-noise ra tio [or a 
400 ps time bin. The da ta acquisition [o r each pulse was 
triggered by a delayed to signa l [rom the proton beam. The 
charge per pulse [or each time bin was collected [o r a run 
(typica lly 10,000 pulses) and the mean, and standa rd 
deviation were determined [or each time bin. The standard 
devia tion o[ the di stribut ion was consistent with the 

expected stati stical error estima ted [rom the 3He thickness 
and the neutron flux incident on each monitor. 

The neutron flux a t any time is a [unction o[ proton 
current , moderator conditions, guide transmission and 
neutron wavelength . The signal [rom M I was therefore 
used to norma lize the signal measured in M2. The data 
were acquired synchronously, and thus each time bin 
corresponded to a different wavelength for M I and M 2. 
We therefore used M I as the reference, and interpola ted 
the M2 versus time-of-fli ght signal to determine M 2(t 1) 
using the measured di stance of 0.4 m between M I and M2 
and allowing the distance from the moderator to M I to 
va ry as a pa rameter in the analysis described in Section 3. 

In addition to the glass transmission measurement 
shown in Fig. 2, measurements of the monitor ratios 
(M2/ M I) were made with the fo llowing configurations: ( I ) 
with the spin filt er cell removed but the Si oven windows in 
place (Roven); (2) with the spin filt er cell in place and 
P 3 = 0, i.e. unpolarized 3He (Ro), and (3) with the spin 
filter cell in place and 3He polarized (Rp). Assuming tha t all 
backgrounds a re accurately subtracted in ex tracting these 
ra tios, one sees from Eqs. (3) and (4) tha t, idea lly, we 
expect the following relationships fo r a uniform thickness 
of 3He: 

Ro(Je) ( Je ) and R (},) = exp - (Jo t3 ).0 
E

where REC).), the monitor ra tio that would be measured for 
an empty cell , is defined in the nex t section. 

3. Results and analysis 

In Fig. 3, we show typical raw time-of-fl ight da ta, 
averaged over 10,000 pulses , fo r M I and M2 with the 3He 
spin filter in place. Electronics offsets (pedestals), and 
beam-off background, including that due to long-lived 
acti va tion a re periodica ll y monito red with beam-off runs 
measured [o r the same 40 ms data acqu isition window 
triggered by the pro ton pulse. The result s for severa l beam­
off runs a re shown in Fig. 4. T hese beam-off runs show 
tha t the pedestals a re typica ll y less than I % of the signa ls, 
but are no t consta nt over the 40 ms acquisition window 
with varia tions on the o rder of a 10- 3 V, and some evidence 
of small .oscilla tions. The da ta for each beam-on run for the 
M I and M2 monitors a re separa tely corrected by assuming 
a constant offset, which is determined by a linear 
interpolation in time of the offse ts determined from two 
beam-off runs, one before and one after the beam-on run. 

Time-of-fli ght dependent backgrounds include beam 
rela ted neutrons and short lived activities . Neut rons 
incident on the monitor detecto rs during the 40 ms da ta 
acquisition window are predominantly the modera ted 
neutrons from the trigger pro ton pulse, but in principle 
may a lso include "wrap around" slow neutrons from 
earlier pulses, beta-delayed neut ro ns fro m fi ssion products 
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dips nea r 22 a nd 26 ms a re due to Bragg edges from aluminum windows. 
The rela tive deficit in signal a t M2 for longer time-of-flight (i.e. longer 
neutron wavelength) is mostly due to the I l v attenua tion in JHe. 
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long dash). Though the correct io ns to M I ( ). ) and M2CJ.) are small , the time 
dependence over the 40 m5 data acq uisition window and the va ri a tion 
from run-to-run requires interpo la tion of the correction for each run. 

in the tungsten target, and sca ttered neutrons. Activation 
could produce gamma-rays, which would be incident on 
bo th M I and M2 with different intensities, but would be 
compensated in the ratio M2/ M, as long as the gamma-ray 
intensity ratios are constant. Detailed study of these 
backgrounds will be necessary for precision neutron 
polarimetry, however for the purposes of thi s paper, these 
backgrounds are sufficiently small (i.e. less than a few 
percent) as discussed below. 

Monitor ratios are extracted from background corrected 
M I and M 2 data. The monitor ratio RE , which would be 
measured for an empty spin-filter cell , is given by 

(8) 

where d is the glass window thickness of the spin-filter cell 
determined by the best fit of the data , T g,{A. ) is the glass 
tra nsmission shown in Fig. 2, a nd R oven is shown in Fig. 5. 
The wavelength dependence of R oven is due to the 
combination of a ttenuation by the monitors, sca ttering, 
co llimation and the different wavelength dependence of the 
monitor effi ciencies. 

The quantities Ro/RE and Rp / Ro as functions of I" the 
time of fli ght to M I, are fit to the following functional 
forms derived from Eq. (7): 

Ro = A[Tg,(},, )]"/35 exp(-ex/,) and 

Roven 


Rp

Ro = cOSh( f3[ /, - to]) (9) 


where the neutron wavelength at M I is given by 

h
A, = -- I, 	 (10)

mL, 

and L, is the distance from the moderator to M I and m is 
the neutron mass. The para meter 10 accounts for an offset 
in the timing with respect to the proton pulse signal. 
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Fig. 5. Moni to r ratio R Olen. with the cell removed. The wavelength 
dependence is due to the combination of attenuation by the monitors. 
scattering, collimation and the differen t wavelength dependence of the 
monitor effi ciencies. The wavelength is calculated with L I = 20.3 m. 
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The free pa ra meters a re A, d, (I., {3, and to, with 

h aot) 
(I. = ---- and {3 = p )(I.. 	 (II )

mL , ,10 

The da ta, fit s, and residuals of the fit s a re shown in 
Fig. 6. The best fit cell window thickness is 
d = 3.59 ± 0.1 2 mm. The distance from the modera to r to 
M I , L" enters the analysis independently (of t )) only 
thro ugh the interpola tion of the M 2 da ta to the time of 
fli ght to M I, i.e. precise knowledge of L, a nd t ) a re no t 
necessa ry. Varying 1..:, to min imize X2 fo r the best fit to 
Rp / Ro gives the distance to M I of 20.3 ± 0.8 m, which is 
consistent with the measured dista nce (20.73 m) and the 
Bragg edges observed in a run with a thick piece of 
beryllium in the beam. The residuals in Fig. 6 indica te 
wavelength dependent systematic effects of a few tenths of 
I%, which is much grea ter tha n the stati stical error. 
Potential sources of the systematic effects a re discussed in 
Section 3.1 . 
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Fig. 6. Results fo r ratios of monitor ra tios. The wavelength is ca lculated 
with L, = 20.3 m. The do ts are da ta and the so lid lines a re fit s to the 
functions given in Eq . (7 ). The residuals a re shown in the upper portion of 
each gra ph . 

From Eqs. (3) and (7), the pola riza tion of neutrons 
emerging from polarized JHe would be given by 

P().) = VI - (Ro/ Rpf 	 (12) 

In F~g . 7, we ~ho~ P(J'I) for the February 12, 2005, run. 
The He pola ri za tIOn and t ) can also be deri ved from this 
analysis. F or the February 12, 2005, run, we find 
p) = 57 ± 1%. The uncert ainty is discussed in Sectio n 3.1 . 

The JHe polariza tion as a function of time after January 
I, 2005, is shown in Fig. 8. There are severa l no table 
fea tures to Fig. 8. F irst, the time constant for the 3He 
pola riza tion, a fter it is destroyed , is many hours, typical of 
spin-exchange optica l pumping. Note also tha t the steady­
sta te 3He po la riza tion appears to be slowl y but steadil y 
decreasing thro ugho ut 2005. We ha ve considered several 
possible sources of thi s decrease in maximum attainable 
3He pola riza tion : cell degradatio n, changing magnetic field 
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Fig. 7. Neutron pola rization as defi ned in Eq . ( 12) as a function of 
neutron wavelength calcula ted with L, = 20.3 m. T he do ts are data and 
the solid line is a fit to the fo rm of Eq . (3), with the residuals shown in the 
upper panel. 
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environment, laser drift and optical alignment changes. 
Cell degradation could affect the JHe polarizat ion relaxa­
tion time, the density and/or polarizat ion of the rubidium 
at a given temperature, and the coupling or transmission of 
laser light into the cell. The JHe relaxa tion depends on the 
3He density [33], the cell walls, contaminants- in particular 
O2, magnetic field gradients, and possible Rb density or 
temperature dependence. Near the end of the run , the JHe 
relaxation time was measured with the NM R and found to 
be greater than 150 h, consistent with ea rlier measurements. 
The rubidium polariza tion in the cell is position dependent 
and depends on the laser intensity, the cell wa lls, the 
composition of gases and contaminants in the cell volume. 
In previous experiments with spin-exchange polarized JHe 
targets and neutron spin filt ers [45,46], the cells and 
polariza tion have proved quite stable provided the cell 
temperature and laser characteristics were stable; however, 
there is no prior experience with G E- 180 cells pumped at 
high temperatures for 1.5 years. Visual examination of the 
cell at the end of the 2005 run revea led a mi lky white 
coating on the inside surface of the cell , possibly due to 
chemical reaction of the rubidium and glass. Measurement 
of the transmission of 795 nm light confi rmed a sharp 
decrease in the laser power getting to the rubidium inside 
the cell ; however, further diagnostics, systematic engineer­
ing studies, or experience with several more cells will be 
needed to defin iti vely understand any sys tematic degrada­
tion of spin filt er cells. 

3.1. Uncer tainty estimates 

The analysis presented above provides information on 
the JHe thickness and polari za tion. In th is sect ion, we 
discuss the estimated uncertainties. Statistical and related 
errors are ultimately limited by neut ron statistics and by 
whi te noise in the electronics (Johnson noise, etc.). With 
107 neutrons per pulse, neutron counting statistics deter­
mine the statistica l error. For 10,000 pulses and a few 
percent monitor effi ciency, the relative statistical error 

4should be less than 10- for a 500 s run . The oscillations 
apparent in some of the beam-off ru ns shown in Fig. 4 are 
also of order a few x 10- 4 

. The uncertainties are therefore 
dominated by systematic effects. A large class of effects are 
removed in the analysis based on the ra tios given in Eq . (7); 
however, this assumes accurate background subt ractions. 
In addition to backgrounds, non-Iinearities or rate 
dependence in the monitors and electronics, and uncer­
tainty in the neutron wavelength determination may give 
rise to systematic effects. 

There are several sources of time-of-fl ight dependent 
backgrounds in both M I and M2. In addition to wrap­
around neutrons, sca ttered neutrons and short lived 
activa tion should be considered. The sizes of these effec ts 
have not been directly measured; however, we ca n explore 
their effects through simulations. We have undertaken two 
kinds of simulations: ( I) simulation of the M2 signal based 
on a model of the spin filt er and windows with added 

backgrounds and (2) simulated corrections to M I and M 2 

with a generic background linear in time of flight. 
The simulated M2 signal (M;(A» was generated from the 

MI signal: 

M;(A) = [O: REP.)M I (A)e-<101)(}/).o) cosh ( O'Ot3P3~) ] 

+(AA+ B) (13) 

where 0: is the wavelength independent attenuation, and A 
and B are coefficients that represent a linear background 
difference for M I and M2. This background model, for M I 
or M 2, is generic and could approximate any of the 
considered effects, i.e. sca ttered neu trons, background 
gammas, acti va tion, wrap-around neutrons, and non­
linearities. The simulated da ta are then analyzed as usual. 
Results for A = 0.002 V / A and B = - 0.0 I V are shown in 
Fig. 9. The residuals are similar in shape to those apparent 
in Fig. 6. In general, backgrounds less than a few percent 
are possible without affecting M I (A) and M 2(A) unreason­
ably. These effects in turn change the neutron polariza tion 
determined from Eq. (12) and the JHe polari za tion 
determined by fi tting the transmission ra tios to the fo rms 
of Eq . (7) . For the simulated data with 3- 5% background 
added to M I or M2, the change in residuals of the fit to 
neut ron polariza tion at 5 Ais ~ 0.1 %, and the change in 
JHe polariza tion is ~ I %. This provides a reasonable 
estimate of the uncerta inty on the JHe polariza tion for 
these low-background data, and emphasizes the impor­
tance of low and well understood backgrounds for 
attaining precision neut ron polarimetry. 

Due to the na ture of blown glass, the windows of the 
spin filt er cell are not perfectly flat or para llel. Numerical 
study of the effects of curved windows shows a systema tic 
correction of about +0.1 % for the JHe polariza tion for a 
10 cm diameter cell that is 5 cm thick at the edges and 7 cm 
in the in center. With non-uniform 3He th ickness, the 
neut ron polariza tion, given by Eq. (3), is also non-uniform, 
which co uld lead to systematic effects that depend on how 
the experiment or measurement averages the spi n depen­
dence over the neutron beam area. 

4. Conclusion 

We have described the construction and performance of 
the neut ron spin filt er developed for the n+ p --+ d + y 
experiment at Los Alamos. The spin fi lter has been used in 
test and commissioning runs to polari ze a large area 
neutron beam, and a pair of thin monitors has been used to 
measure the polariza tion and evaluate precision neut ron 
polarimetry. Polariza tion of JHe as high as 57% has been 
measured, but the JHe polari za tion is not stable and a 
general decay was observed over I yea r of operation, wi th 
average polariza tion of 43 %. The exact reasons for the 
unstable and decaying JHe polari zation a re not deter­
mined, but may be related to increased opt ical opaci ty of 
the glass cell . 
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The beam transmiSSIOn monitors have been used to 
determine the neutron polarization , averaged over the 
neutron beam, with high accuracy. The uncertainty is 
estimated to be ~ 0.1 % at 5 A. The wavelength dependence 
of the transmission ratios show residuals at the level of 
0.1 % of the transmission ratios. These residuals may be 
due to backgrounds, activation, or non-linearities. 
Simulations show that these could be due to a simple 
form of background or distortion and suggest that 
significant improvement below 0.1 % neutron polarization 
precision will be possible with greater control of back­
grounds. 

Improvements to the spin filter will require a full 
understanding of the unstable and decaying polarization . 
The available laser power will be increased , and the cell 
replaced. In the long term, narrowed laser diode array bars 
may improve polarization and long-term performance. A 
number of other intriguing changes are under considera­
tion , including spin-filter cells with hybrid-alka li mixtures, 
for example rubidium and potassium [47]. 
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