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Spin-exchange effects on tensor polarization of deuterium atoms
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We present measurements of the effects of spin exchange on the nuclear tensor polarization of atomic
deuterium gas. Measurements of the nuclear polarization have been performed at several values of the mag-
netic field. In these measurements, only the gas density was changed, leaving all other experimental parameters
constant. The results are in qualitative agreement with a model, based on the spin-exchange mechanism
proposed by Purcell and Field. The results are relevant for nuclear and particle-physics experiments, using
nuclear polarized hydrogen or deuterium targets, as well as for laser optical pumping applicattéharaf
2H. [S1050-294{08)03806-2

PACS numbgs): 34.50-s, 39.10+j, 29.25.Pj, 24.70ts

[. INTRODUCTION intensity of polarized atomic bearnt8], and the development
f precise polarimeter®,10]. An essential issue is the influ-

In nuclegr and high-energy phyS|_cs_, the expenmen.ta nce of spin exchange between the atoms. Since the atomic
study of spin-dependent observables is important for tes““ﬂensity is increased by the use of storage cells to a level

and constraining theoretical models. Spin-dependent scaltezhere” atomic collisions occur with significant probability
ing experiments provide information on, e.g., the spin struc(>0_1), the effect of spin exchange on the polarization may
ture functions of the nucleon, the electric form factor of thepe non-negligible and should be understood. Furthermore,
neutron, and the spin structure of few-body nuclei. For suchhe spin-exchange mechanism enables a novel way to pro-
experiments the availability of pure, nuclear-polarized hy-qyce polarized atomigl1], based on optical pumping of al-
drogen and deuterium targets is a great advantage. Recentlyali metals. Here, the electron spin of hydrogem deute-
targets have been developed in which a nuclear-polarizedum) is first polarized via spin-exchange collisions with the
atomic beam is injected into an open-endedhaped con- optically pumped alkali-metal atoms, and theclearspin is
ductance limitekhereafter referred to as storage telternal  polarized via spin-exchange collisions between hydrdgen
to a storage ring. In comparison to targets used at externaleuterium atoms. This development may lead to targets with
beam facilities, these internal targets are characterized bsignificantly higher figure of merit, and it is vigorously pur-
high polarizations, rapid polarization reversal, high isotopicsued by different groupl2—-14.
and chemical purity, flexible spin orientation, and small tar- Measurements of spin exchange have been previously dis-
get thickness at high luminosity, allowing for high-precision cussed in detail for alkali vapor®.g., by Grosséte [15]).
experiments with small systematic errors. Experiments thaHere, we report on a measurement of the effects of the
make use of internal targets include the HERMES experiatomic density on the nuclear polarization for deuterium gas
ment at DESY[1], and experiments at BINE2], NIKHEF  in a storage cell environment. Measurements of the nuclear
[3], and IUCF[4-6]. tensor polarization were performed at different densities and
The availability of intense, highly polarized internal tar- external magnetic fields on tensor-polarized deuterium inside
gets was recently made possible by the development of coa&n electron storage ring. The results demonstrate a depen-
ings to prevent wall depolarizatidi], the improvement in  dence of the nuclear polarization on the atomic density,
which can be interpreted as caused by spin exchange.
In Sec. Il we present a brief description of the spin-
*Present address: Department of Physics and Astronomy, Vrij@xchange mechanism and outline the theoretical background

Universiteit, 1081 HV Amsterdam, The Netherlands. and formulas used in this work. Section Ill describes the
TPresent address: Laboratory for Nuclear Science, Massachuseggperimental setup and the measurements. The results are
Institute of Technology, Cambridge, MA 02139. summarized in Sec. IV.
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IIl. SPIN EXCHANGE RATE T

The eigenvectors for ground-state deuterium atoms in an : 1.4
external magnetic field are well known. The interaction ’
Hamiltonian is given by

2hVQ
H="—5=1-3+up(gil+g,9)-B 2.0

in which | and J are the nuclear and electron spig, N
=—0.00047 andy;=2.0023 are the gyromagnetic factors, A
Mg is the Bohr magneton and

hvo=pug(9;—9/)B;

is the hyperfine splitting, = 327 MH2). The critical field
B.=11.7 mT characterizes the average magnetic field due to
the deuteron spin at the position of the electron. The spin
part of the wave function for the six substates of atomic
deuterium can be described as

|i>:|ml 1mJ>’

[1)=11,1/2), FIG. 1. Tensor polarizatioR,, of the deuterium hyperfine states

as a function of external field. The critical fieR} equals 11.7 mT.
2)=a_,|1,-12)+ 0,1/2), Lo : . :
[2)= .| )+ a ] ) nuclear and electron spin is important, a single atomic spin-

3y=a |01 +a, |-1,1/2), exchange collision may lead to large changes in nuclear po-

larization.
The rate of spin exchange can be described by the rate
[4)=]-1,-1/2), equationg 11]
5Y=a,_[0,-1/2)—a__|-1,1/2), 2.2 d 1 :
%)=, > | > 22 &ni:T_ddaZ‘) NaNpAg p(X), 2.9
6)=a |1,—1/2)—a_,]0,1/2), where 1T 44 = pq(os) is the spin-exchange collision rate,
pq represents the deuterium density the fractional density
1 of atoms in statd, and (osw) the average value for the
a,.= §(1+ai), product of the spin-exchange cross section and the velocity
distribution. The value of ose) Was taken from Ref{17].
1 The coefficientsA, , that describe the probability for states
a_.=1\/z(1—-a.), |a) and|b) to transform into statéi) are explicitly given by
2 Ref. [18].

a.=

X+}) . /1+EX+X2 Ill. EXPERIMENT
-3 3 ’

A. Overview of the experimental setup

x=B/B.. The measurements were performed with a tensor-
polarized deuterium target internal to the AmPS electron ring

In Fig. 1 the tensor polarizatioR,, (P,, = 1-3,, with  at NIKHEF[19], in parallel with measurements of the tensor
n, the fraction of nuclei withm,=0) is shown for each of analyzing powerT,, in (quas) elastic electron scattering
these states. The dots on the curves indicate the magnefiom deuteriun[3]. Since the setup is extensively described
field values that were applied in this experiment. in Refs.[9,20,2] here only a brief outline is given.

The collision of two atoms at thermal velocities can be The experiment is outlined in Fig. 2. The electron beam
described following Purcell and Fie[d6]. The large differ- had an energy of 704 MeV and currents of up to 100 mA.
ence in energy for the molecular triplet and singlet statedNuclear-polarized deuterium gas was provided by an atomic
leads to a spin-flip probability of 50% for collisions between beam sourcéABS). This source[20,22 consists of an rf
atoms with opposite electron spin. During the collision, thedissociator, a cooled nozzle, two sextupole electromagnets
much weaker hyperfine interaction plays a negligible roleand two rf transition unit$23]. The sextupole magnets fo-
After the collision, the electrons and nuclei recombine intocus, according to the Stern-Gerlach principle, atoms with
one of the six eigenstates under conservation of angular melectron spin ugstates 1, 2, and)3and reject the states with
mentum. Especially at low field, where the coupling betweerspin down(4, 5, and §. Nuclear polarization is obtained by
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D, Nuclear polarization was measurgdsitu by a polarime-

N ter [9], which uses the well-known tensor analyzing power
[25] of the reaction®H(d,n) a. The electron beam ionizes a
fraction of the deuterium gas in the storage cell. These ions
are extracted by a set of electrostatic lenses and an electro-

Atornic static spherical deflector, accelerated to 60 keV and trans-

Beam ported to a tritiated titanium target. The 14-MeV recoiling

Source neutrons are detected in two neutron detectors, located under
0° and 90° with respect to the spin orientation axis. The
angle-dependent count rate for the reactih(d,n)a can
be written as

cM
N(6)=N, 1—£P12[3co§(a)—1] L@
whered is the angle between the neutron momentum and the
polarization axis,f=0.95 for 60 keV deuteronf25], N, is
?LTH?S?; the unpolarized count ratéypically 1 kHz), and P,, the
tensor polarization of the impinging deuterons. Separation of
atomic(D *) and molecular D, ) ions was obtained by us-
ing a Wien filter.
FIG. 2. Schematic outline of the atomic beam source, Breit-Rabi  With this polarimeter, the tensor polarization of the target
polarimeter, internal target, and ion-extraction polarimeter. Allcould be measured to a statistical precision of 0.01 within
components, except the neutron detectors, the target holding fieldbout 1 min of beam time. The systematic uncertainty in the

and the correction magnets, are inside the vacuum syfterRRF measurements can be greatly reduced by forming a Ritio
dissociator; CH: cold headBl, S2, S3: sextupole magnets; MFT, [9], where

SFT: medium- and strong-field transition units; SH: shute@r;

chopper; QMS: quadrupole mass spectrometer; CM: correction N S

magnet; RL: repeller lens; EL: triplet of ion-extraction lenses; SD: R= /N (0°)N"(90°) (3.2
spherical electrostatic deflector; AL: electrostatic lens; WF: Wien N*(90°)N~(0°) ’
filter; IC: ion collector; PS: neutron detector.

inducing rf transitions in the medium and/or strong field tran-iN WhichN™ (N7) represents the rate with the highéstw-
sition unit. The strong field unit induces either a 3-5 transi-€S) value ofP,. In this ratioR, variations in luminosity and
tion or a 2-6 transition. The medium field unit induces a 1-4differences in detection efficiency cancel. The systematic er-
transition. Note that in this multiple-quantum transition the ror onP,, measured with the tritium polarimeter is estimated
projection of the angular momentum of the atom changes byo be 2%.
3f. The principle of operation of the 1-4 transition unit has
been discussed by QR4]. The atomic beam from the ABS
is injected into a storage cell. In this way the atomic density
is increased by two orders of magnitude compared to that of The rate of spin exchange linearly depends on the atomic
a free atomic beam. The storage cell was cooled to about 158ensity and is a function of the external magnetic fislde
K to further increase the target density and polarization. Thé=g. (2.3)]. To isolate the effects of spin exchange on the
cell has been constructed from ultrapure aluminum with aensor polarization we measured at two values of atomic den-
thickness of 25.m. In order to minimize recombination and Sity (pg=1.1x10'?and 0.4< 10'? atoms/cm).! Except for
depolarization[7], it has been coated with a solution of the number of atomic collisions, no other experimental pa-
PTFE3170 Teflon. The storage céiéed tubg has a length rameters were changed. For the conditions of the present
of 400 mm(130 mm) and a diameter of 15 mifi2 mm. A  experiment, the average time between spin-exchange colli-
small sample tub&4 mm diametey, located opposite to the sionsTyy was about 4.5 m&l2 m9 for measurements at the
feed tube, allows one to sample a fraction0%) of the highest(lowes) density. The average dwell time in the cell
injected gas, for subsequent analysis by a Breit-Rabi polawas about 2.5 ms. The different densities were obtained by
imeter. changing the flux of the ABS, which was done by adjusting
This polarimeter consists of a 41-cm-long permanent tathe RF power of the discharge. Several measurements were
pered sextupole magnentrance(exit) radius 3 mm(1.5 made, activating either the medium field transition unit, the
mm), tip field about 0.44 Tin front of a quadrupole mass strong field transition unit, or both units. Sets of measure-
spectrometer. A chopper, located in between the magnet arrdents with different densities were taken at three values of
the mass spectrometer, was employed to subtract backgroutite external magnetic fiel@.3, 6, and 34 m)
gas. The Breit-Rabi polarimeter was used to continuously
monitor the performance of the ABS during data taking.
An external field, parallel to the electron beam, was sup- Note, that the use of a storage cell leads to an approximately
plied by two magnets that are located at opposite sides alongangular density distribution along the cell axis; the density quoted
the storage cell. above refers to the center of the cell.

lon
Polarimeter

B. Measurements
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TABLE |. Hyperfine content of the injected atomic beam for the T T I T T T
combinations of transitions, applied in the present experiment. The detector 90°
resulting value ofP,, is given for different values of external mag- Mﬁ
mo et
e

0.3 mT 344 mT

200

counts

None None 123 -0.333 -0.238 -0.010

1-4
None
None
1-4
1-4

None
2-6
35
2-6
3-5

2,3
1,3,6
1,25
3,6
2,5

—1.000
0.023
—0.023
—0.466
—0.167

—0.857
0.433
—0.433
0.150
—1.150

—0.515
0.951
—0.951
0.926
—1.926

100

il

1

. . r detector 0°
In order to obtain small systematic errors, measurement -

were performed in the following way: for 4 s, the back-
ground rate of the neutron detectdvghich is mainly due to
interactions caused by the 704 MeV electron bgawas
measured. This rate was obtained by changing the voltage (» L I i
the spherical deflector plates such that no ions impinged 05 40} 4&
' i Hiy
Vi

'
ﬁ%* z‘ "++ ¢
P 4 i
II

I | .

600 |-

the tritium target. For the next three periods of 4 s, first noS
transition unit was activate@njecting states 1, 2, and,3and B v i i’
then the medium field transition and the strong field 3-5 tran- I f
sition were induced, and finally the medium field transition I ; : |
and the strong field 2-6 transition were induced. This cycle LI | I

of 16 s was repeated to obtain sufficient statistics and tc -’ s Wl |
verify the systematic stability of the polarimeter, i.e., that the '
measurements yield the same results within statistics upo
repetition(with, e.g., new conditions of the electron beéam

Note that the beam lifetime was around 1000 s so that the
background rate varied slowly compared to our cycle period. giG. 3. Number of counts in 300-ms bins in the 9@8p) and
Also other combinations of transitions were applied, €.9.9° (hottom) neutron detector for the tritium polarimeter. Two mea-

cycles in which the medium field or strong field transition surement cycles are displayed. For this particular scan the back-
unit was switched off. Table | summarizes the hyperfine conground was measured in period I, whereas in period II, Ill, and IV

tent of the injected atomic beam for the different appliedthe rates were measured with no transition units active, a SFT 3-5
transitions, and the corresponding value of tensor polarizeand a MFT 1-4 transition, and a SFT 2-6 and a MFT 1-4 transition
tion P,, for the magnetic fields at which the measurementsnduced in the ABS, respectively.
were performed.

An example of the observed neutron rates during a polar-

ization measurement is shown in Fig. 3. As can be seen, gioms was calculated assuming 100% efficiency for the rf
backgrouspd rate is about_afactor of five lower than Fhe signaj, i< in the ABS[20], but an 80% rejection efficiency for
from th_e .H(d,n)a_rgacuon. The background rate is ratherstate 4 by the second sextupole magnet. In addition, we as-
stable in time and it is about equal for both detect@xnte : . . X ;
: ; AR . sumed that the incoming atomic beam was diluted with 26%
that during period Il in this figure, three hyperfine states from ) : .
of the unpolarized atoms to take into account a reduction of

the ABS are injected, while during periods Il and IV only h larization. This reducti £ 1th larization includ
two states are injectedThe asymmetry is sizable, and the € polarization. This reduction ot the polarization includes
the following effects, which were not taken into account ex-

difference in tensor polarizatiom\(P,,) between the combi- N ) o
nations of hyperfine states obtained with two different setPliCitly in our calculations{(1) depolarization of the atoms by

tings of the transition units can be determined quickly withcollisions with the cell wall,(2) dissociative ionization of
high statistical precision. molecules(measured to contribute about 1%3) rejection
We made measurements ak,,) for combinations of efficiency of spin-down states by the first sextupole magnet
the six settings of the RF transition units, listed in Table 1.in the ABS.
The presence of spin exchange is demonstrated in Fig. 4, With these assumptions, the resulting polarization of the
which shows the average ratio AP, for the measurements deuterium atoms in the target cell was calculated for the
at high and at low density. Systematically, a higher value ofgeometry and temperature of the present setup by numeri-
AP,,is found for the measurements at lower target densitycally solving the rate equations. The actual density and mag-
The calculations in Fig. 4 are based on the rate equationsetic field distributions along the storage cell and the feed
(2.3). For the spin exchange cross sectionX1® ° cm?  tube were taken into account by a finite-element analysis: the
was taker{17]. The state density of the incoming deuterium cell (feed tubg was divided in 21(10) segments. For each

! 1 1
0 10 20 30

time [s]
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FIG. 4. Ratio of difference in tensor polarizatiarP,, for mea-
surements at higlf1.1x 102 cm™3) and low (0.4X 10%? cm3)
atomic density. The data show the average effect of different tran- [, 5. Ratio of AP,, for measurements at higfl.1x 10*2
sitions. The hatched area represents the results of our model. Then~3) and low (0.4x10™ cm™3) atomic density for the 1-4 me-

dotted line indicates the result in the absence of spin-exchange efjym field transition(top) and the 2-6 strong field transitiafbot-
fects. tom).

step in time (At is about 2us) the population density in each
segment, as well as the amount of gas that flows to neigh- IV. SUMMARY

boring segments, was calculated. A sufficient number of \ye measured the tensor polarization of a deuterium gas
steps in time was taken in order to assure that the final resuétamme for different external magnetic fielttsetween 0.02
was completely stable. _ and 3.0 times the critical fie)dat two densities. The mea-
The results of our calculations are represented by thgyrements demonstrate the effects of spin-exchange colli-
shaded band in Fig. 4. The width of this band indicates thgjons petween deuterium atoms. Changing the density of the

unpertainty in the calculat?ons, due to the uncertainty.in thejeuterium gas, while keeping all other experimental param-
spin-exchange cross sectiph7] (10%) and the uncertainty eters constant, resulted in differences in nuclear tensor polar-

in the target density in our measureme(®8%). The results  jzation of typically 10%. The measurements indicate that
of the calculation for the different combinations of transi- gpin exchange lowers the polarization in a storage cell by

tions in Fig. 4 were averaged in a similar manner as the datgy,out 10% for densities of 102 atoms/cn?, even for an
Although the data show a smaller dependence on the externgkiernal magnetic field that is three times larger than the

magnetic field than calculated by our model, qualitativecyitical field. The observed density-dependent reduction of
agreement is obtained between the data and the model prgse tensor polarization is in qualitative agreement with nu-

dictions. . o ~ merical calculations based on the model of Purcell and Field
The ratio of AP,, for the different densities is explicitly [16].

shown in Fig. 5 for two transitions that give sizable tensor
polarization for all external fields, i.e., the medium field 1-4
transition and the strong field 2-6 transition. For these tran-
sitions, the difference in tensor polarizatidrP,, between We wish to express our gratitude to our colleagues of the
injected stateg1,2,3 and (2,3), respectively state§l,2,3  91-12 collaboration. This work was in part supported by Na-
and(1,2,6, is measured. The calculations for the strong fieldtional Science Foundation Grant. No. PHY-9316221, the
transition(2-6) predict somewhat less reduction of the polar- Stichting voor Fundamenteel Onderzoek der Maté&fieM),
ization, but the dependence on magnetic field is reproducedvhich was financially supported by the Nederlandse organi-
The numerical results for the medium field transitidn4) satie voor Wetenschappelik Onderzo€KWO), and the
are in agreement with the data. Swiss National Foundation.
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