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Evidence for Nuclear Tensor Polarization of Deuterium Molecules in Storage Cells
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Deuterium molecules were obtained by recombination, on a copper surface, of deuterium atoms
prepared in specific hyperfine states. The molecules were stored for about 5 ms in an open-ended
cylindrical cell, placed in a 23 mT magnetic field, and their tensor polarization was measured by elastic
scattering of 704 MeV electrons. The results of the measurements are consistent with the deuterium
molecules retaining the tensor polarization of the initial atoms. [S0031-9007(97)02449-6]

PACS numbers: 29.25.Pj, 25.30.Bf, 39.10.+]

In nuclear and high-energy physics, measurements afore robust due to the noble-gas structure of the electron
spin-dependent scattering can provide important informaeloud of the deuterium molecule.
tion on the largely unknown charge form factor of the In our experiment, an atomic beam source (ABS) is used
neutron [1], and the spin structure of the nucleon [2] ando prepare deuterium atoms in specific combinations of
few-body nuclei [3]. The measurement of analyzing pow-hyperfine states [18]. Figure 1 shows that the ABS con-
ers and spin-correlation parameters in scattering from pasists of a radio frequency (rf) dissociator, a cooled nozzle,
larized nuclei can be optimally performed by scatteringcollimators, sextupole magnets, and rf transition units. It
particles from pure and highly polarized gas targets in parprovides a flux ofl.2 X 10'¢ deuterium atoms$ in two
ticle storage rings. Recently, several such experimentsyperfine states. A medium-field (MFT) and a strong-
were carried out at IUCF [4,5], NIKHEF [6], BINP [7], field transition unit (SFT) [19] are used to prepare atoms
and DESY [8], while new experiments have been proposeth hyperfine stategm; = 0,m; = +%> and |0, —%), or
[9,10]. 'Although_ this novel techniqug has many adyan-I_L +%> and|+1, _%>. Here,I andJ represent the nu-
tages, in that spin-dependent scattering from chemicallgjear and electron spin of the deuterium atom, respectively.
and isotopically pure atomic species of high polarizationThe degree of vector and tensor polarization is defined
can be realized, it provides a challenge for attaining suffias p. =, — n_ and P,, = ny + n_ — 2ny, respec-
cient luminosities, especially when polarized hydrogen ofjyely, wheren. , n, andn_ are the relative populations of
deuterium is used. Furthermore, there exist many mechahe various nuclear spin projections on the direction of the
nisms that can depolarize the target atoms, mainly througfyagnetic field. The substate population is alternated every
the interaction of the electron spin with external fields asso10 s, changing the tensor polarization of the deuterium
ciated with the stored particle beam and/or the presence ghoms between-2 and + 1, while keeping the vector po-
container walls. This has prompted a significant effort injarization at zero. Note that, for the used combinations
the past few years devoted to the production of intense pas hyperfine states, the electron polarization of the en-
larized atomic beams of hydrogen and deuterium [11-13Jgemple of deuterium atoms was kept const@t = 0).
the development of suitable coatings [14,15] to preservehs choice eliminates uncertainties dueRodependent
the nuclear polarization of these atoms, and the realizatiopocesses (e.g., recombination).
of polarimeters [16,17] that can precisely measure the nu- The atoms are injected into a windowless T-shaped
clear polarization of the target species. . cylindrical storage cell with 15 mm diameter and 400 mm

In the present paper, we investigate the possibility ofength. A magnetic holding field of 23 mT is applied over
producing nuclear polarized deuterium molecules by thghe entire cell region by using two electromagnets. A
recombination of atoms prepared in specific hyperfingma|| fraction of the injected atoms is sampled in a Breit-
states. If successful, this technique has the potential tRapj polarimeter (BRP) consisting of a sextupole magnet,
allow the creation of polarized targets of unprecedenteg, chopper, and a quadrupole mass spectrometer (QMS). It
performance. The targets would be significantly morgg ysed to determine the hyperfine composition of the target
dense, and in addition, the nuclear polarization would bgjas. Figure 2 shows that the MF T provides a 1-4 Zeeman
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FIG. 1. Schematic outline of the atomic beam source, Breitin the MFT and SFT.
Rabi polarimeter, internal target, and ion-extraction system.
All components, except the neutron detectors (PS), correction

magnet (CMt)' and Dtargfetj_holdingt fie'dc:'_r{‘agnlgt*hare din;i(lje ége The cells were placed in the Amsterdam Pulse Stretcher
vacuum system. D: rf dissociator; CH: cold head; S1, ,
S3: sextupole magnets; MFT, SFT: medium- and strong-fieIJmg at NIKHEF. Several pulses of 704 MeV electrons

transition units; SH: shutter; C: chopper; QMS: quadrupoleWere stacked into the ring, yielding currents up to 120 mA
mass spectrometer; RL: repeller lens; EL: triplet of ion-and a lifetime exceeding 15 min. The relative amount

extraction lenses; SD: spherical deflector; AL: electrostatic lenspf atoms and molecules in the two cells was determined
:NF: tWien filter; IC: ion collector; Ti(T): tritiated titanium by analyzing the fraction of the gas, ionized by the
arget. electron beam. Note that, for ultrarelativistic electrons,
the ratio of ionization cross sections for molecules and
transition, while the SFT provides either a 2-6 or a 3-atoms is 2 [22]. The produced ions were prevented from
5 transition. Each transition involves a collective changereaching the walls of the storage cell by confining them
of the nuclear- and electron-spin orientation. Thereforewith a 23 mT longitudinal magnetic field (see Fig. 1).
a decrease of/B in the amount of atoms detected by theThey were, on the one side of the cell, reflected by an
QMS with a high-frequency transition unit on, indicateselectrostatic repeller lens and, on the other side, extracted
a 100% efficiency of the transition. The 1-4, 2-6, andby using a triplet of lenses and a spherical deflector. A
3-5 transitions occur with an efficiency 697 = 0.01,  Wien filter separated the atoms from molecules, and we
1.02 * 0.02, and0.99 =+ 0.02, respectively [19]. Conse- determined the atomic fractiony = np/(np + 2np,),
quently, deuterium atoms in well-controlled mixtures of wherer; is the areal target density of the species. The
hyperfine states are injected into the storage cell. atomic fraction was corrected foraa= 1% contribution
Two different storage cells were used in our experi-from dissociative ionization of the molecules by the
ment: an uncoated copper cell, and an ultrapure aluminuri04 MeV electrons. This contribution was determined
cell coated with a solution of PTFE3170 liquid Teflon by measuring the atomic fraction for a pure molecular
diluted with water [20]. The copper cell was constructed(unpolarized) deuterium sample [23]. In addition, the
from 10 um thick copper [21] foil and cleaned with transmission efficiency of the Dand Dy ions through
trichloroethane before manufacturing. No precaution washe electrostatic setup was determined by injecting known
taken to avoid natural oxidation of the surface. Themixtures of H and D, gases. The ratio of Hand Dy ion
PTFE-coated aluminum cell was cooled to approximatelycurrents, measured after the Wien filter, was consistent
180 K. The copper cell was kept at room temperaturewith the prepared mixture ratios to within 3% [23]. We
The atoms (molecules) spend about 3 (5) ms in thdound for the PTFE-coated aluminum (bare copper) cell
storage cell, while undergoing about 300 wall bouncesy = 0.71 = 0.02 (0.26 = 0.03).
On wall contact, the polarized deuterium atoms will The moleculesnpi», coming from background gas
largely recombine to molecules on a copper surface [14Jpr from the nozzle will be unpolarized, and only the
whereas on a PTFE-coated cell surface recombination isiolecules,np:, originating from recombination are po-
strongly suppressed. tentially polarized. Their contribution was determined
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by turning on and off the sextupole electromagnets, athe atomic ions, produced by the circulating electrons,
well as by flowing background gas. For the PTFE-coatedo 60 keV, which are then used to bombard a tritiated
aluminum (uncoated copper) cell, we found that aboufoil [16]. The reaction®*H(d, n)*He was used to mea-
85% (35%) of the molecules in the target cell are duesure the tensor polarization directly. For the atoms in
to the molecular beam, residual gas in the target chamthe PTFE-coated aluminum (uncoated copper) cell we
ber, and diffused flow from the ABS into the feed tube,found P (D) = +0.523 = 0.005 (+0.434 = 0.027) and
while about 15% (65%) of the molecules in the storageP_ (D) = —1.037 = 0.007 (—0.974 = 0.035), where the
cell originated from recombination of atoms on the walls.error represents the statistical accuracy. The deviation
Figure 3 shows the normalized ion current as a functiorirom maximum polarization can be explained by the
of the magnitude of the Wien filter magnetic field. The effects of the finite targeB field, the 80 = 5% state-4
peaks at lower and higher magnetic field correspond toejection efficiency of the second sextupole [23], and
D" and D, respectively. It is seen that the PTFE-coatedpolarization losses in the cell due to atomic spin flip
cell contains mostly atoms, whereas a substantial molecuransitions on the walls and spin-exchange collisions.

lar contribution from recombined atoms is realized in the The tensor polarization of Pmolecules cannot be mea-
uncoated copper cell. The hatched area represents tkared with the above described polarimeter. It was found

contribution of atoms and recombined molecules. that the data forP,,(D,) given in Ref. [14] cannot be
The tensor polarization of the target gas can be writterinterpreted to give the tensor polarization of the molecules
as in the storage cell due to the unknown spin precession
prot _ npP,(D) + 2npe P, (D) 1 angle of the remaining electron in the; Dmolecular
2z np + 2npx + 2npwe M) jon. In passing through the magnetic (fringe) field, the

hyperfine interaction then causes uncertainties in the
orientation of the nuclear spin at the position of fkefoil
(they applied no magnetic field at this foil). Therefore, we
determined the tensor polarization of the molecules
; ; by measuring the asymmetry, = % for elastic
o) Teflon coated Al cell electron-deuteron scattering at 704 MeV incident energy.
it | ] Here, N* (N~) are the yields of scattered electrons
for deuterium nuclei with tensor polarizatiaf, (P_).
Kinematics were selected where the spin is directed along
Tl ) | the momentum transferred by the electron to the nucleus
and the yields are sensitive to the tensor analyzing power
, L D" Ty [3]. The target thickness obtained with this ABS
amounts t@ X 10'* atomscm?. Scattered electrons are
s | D detected in an electromagnetic calorimeter [24] consisting
of six layers of CslI(TI) blocks and two plastic scintil-
o . . lators covering a solid angle of 180 msr. The central
b} uncooted Cu cell angle of the electron detector is positioned4at. This
AT 1 results in a coverage in four-momentum transfer between
1.8 < g < 3.2 fm~! with a cross section and acceptance
weighted average af = 2.3 fm~!.

The recoil deuterons are detected in a range telescope
[25] consisting of 15 layers of 1 cm thick plastic scintilla-
tor preceded by 1 layer of 2 mm thickness. An unambigu-
ous separation of the deuterons from protons is obtained
by differences in time of flight, in energy loss in the scin-
tillators, and by requiring kinematic correlations between
electron and deuteron events. The detector is positioned at
a central angle 062°, and covered a solid angle of nearly
300 msr. Both detectors are preceded by two sets of wire
FIG. 3. Normalized ion current as a function of the magnitudechambers for track reconstruction. The minimum energy
of the Wien filter magnetic field. The peaks at lower and higherof the detected deuterons is 19 MeV.
magnetic field correspond to'Dand D; , respectively. Results In a background-free measurement of the reaction
are shown for PTFE-coated aluminum (a) and uncoated COPPeH(¢, ¢/d), we found for the elastic electron scatter-
(b) cells. The hatched area represents the contribution of atonlﬁg asymmetriesAPTFE = —(.232 + 0.014 and A" =

and molecules which recombined in the storage cells. Th .
unhatched contribution 13° represents unpolarized molecules —0.183 = 0.043, where the superscripts I_DTFE a”O_' Cu
Originating from residual E)gas and from an undissociated denote that the measurements were carried out with the

molecular beam. PTFE-coated aluminum cell and the copper cell. As
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FIG. 4. Left panel: tensor polarizatiod,P.. (D), of the atoms.

Right panel: absolute value of the elastic electron-deuteron

scattering asymmetry. Data are given for both the PT FE-coated B . .
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