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In the last decades different types of storage cells have bsed to increase the target density of
polarized internal targets in storage rings, fed with atérms an atomic beam source. Most of
these cells are optimized to avoid recombination of thenm#d hydrogen or deuterium atoms
into molecules and to preserve the nuclear polarization lagh level between 0.75 and 0.9.
Independently, groups at AmPSJ[1], IUCF[2], and HERMES[&}é& shown that nucleons of re-
combined molecules can still be polarized. In a collaboratietween the Petersburg Nuclear
Physics Institute, the University of Cologne and the Fousgszentrum Jilich we have built a
dedicated apparatus to measure the polarization of hydfdgaterium) atoms and molecules in
cells of different surface materials for temperatures lketw45 and 120 K, and in magnetic fields
up to 1 T. In addition, the recombination probability of atoand the number of wall collisions
of molecules inside the cells have been measured with gaaigion. First measurements on a
gold surface, on fused quartz and on FOMBLIN oil will be presel.
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1. Introduction

For more than 30 years T-shape storage cells have been useddase the target density of
polarized internal targets in storage rings like COSY atésearch center Julich. With this method
the target density of the polarized atomic jet from an atobgiam source (ABS) of about 10
can be raised to 10 atoms/cm. The price one has to pay is the expanded interaction redion o
the ion beam and the polarized target and a smaller polemizdue to several effects. During
wall collisions and spin-exchange interactions of the atothe polarization is partly lost. Even
recombination of the atoms into molecules on the cell waltelases the polarization of the protons
(deuterons) in the cell. In addition, a jet target is passirggion beam and can be dumped after-
wards. With a storage cell this is not possible and the higésidual gas pressure can again reduce
the polarization and disturb the ion beam. How to minimizestheffects was studied for the first
time by Price and Haeberli in 1993 [4]. Following their expeace, the storage cells for the ANKE
experiment are made from aluminum which is covered by Teflothe same measurements they
showed that the recombined molecules have in first order faoipation [5].

The best results for such storage cells were delivered bMERMES group which reached a
polarization of 0.9 and could avoid the recombination fatesal weeks in a cooled cell &t~ 100
K. Here, the surface of the cell was made from DryFilm whiclswavered by frozen water deliv-
ered mainly from the ABS itself. When this surface was dardagey. by the beam, polarization
was patrtially lost and the recombination was increased.aBot this 'opportunity’ was used to
show that even the molecules could preserve the polanzatibstantially to some amount above
0.5 [3]. In parallel, Wise et al. [2] showed in a dedicated exkpent that the polarization of
hydrogen molecules depend on the magnetic field along thaegeataell and the temperature.

2. The experimental setup

Price and Haeberli [4] suggested to measure the polanizafiatoms and molecules in a stor-
age cell by ionizing both particles in a strong magnetic feshdl accelerating the produced ions
into a Lamb-shift polarimeter to investigate the nucledappation of atoms and molecules inde-
pendently. Based on this idea a collaboration between tHel RNSt. Petersburg, the University
of Cologne and the research center Julich built a vacuum beawith a superconducting solenoid
at liquid helium temperatures (see Fig. 1). Inside thisrsuit is a 40 cm long storage cell with
10 mm inner diameter made from fused quartz. The inner stikfes covered e.g. with a thin gold
film or other materials like liquid Fomblin. The cell can beoted down to temperatures around
40 K via contact to the liquid helium tanks and can be heatetbuf?0 K without reasonable
helium losses. To feed the cell with polarized hydrogen tglwm) atoms an ABS [6] is mounted
on top of the vacuum chamber. On the left side an electron geatupges an electron beam of 0.1 -
1 uA at about 100 eV beam energy which is focused through thagtatell. The storage cell itself
can be set to a potential up to +8 keV to accelerate the iomaetitles, protons and Hions into
the Lamb-shift polarimeter (LSP) [7]. To measure the paktion of the molecules it was planned
to strip the residual electrons off the;Hons with a thin carbon foil and to separate the protons
from the atoms and the molecules via their different velesitvith the Wien filter of the LSP. But
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Figure 1: The experimental setup: Inside a superconducting solestidage cells with different surfaces
are set to a potential of 1 keV. The storage cells are fed Wafpblarized hydrogen (deuterium) atoms from
an ABS above. An electron beam ionizes both atoms and recaminolecules into protons orjHons,
which will be accelerated and focused into the Lamb-shifapmeter on the right side.

during the measurements it was obvious that the polarizatidhe I—g-ions and, therefore, of the
molecules can be determined with the LSP directly. In thgea@ne has to be aware that the Wien
filter, depending on the magnetic field inside, will rotate fyolarization of the protons, e.g. for
180 for a perfect mass separation. The direction of the pottoizaf the H;j -ions is dominated
by the magnetic moment of the residual electron, which ishraimnger than that of the proton.
The polarization of the Et-ions will follow adiabatically the direction of the magiefield inside
the Wien filter and will be perpendicular to the beam diractiehind the Wien filter. Afterwards,
both types of ions will reach the Cs cell where they will build metastable hydrogen (deuterium)
atoms by charge exchange with the Cesium in a strong magdieto~ 50 mT). The only dif-
ference in this processes is the cross section which is @iotitnes smaller for the production
of metastable atoms from thejHons as compared to the protons. Again, the polarizatiothef
H; -ions will follow this longitudinal field immediately. Thefore, the magnetic field of the Wien
filter does not influence the polarization of thg fibns, but it rotates the polarization of the protons
(deuterons). Due to the mass separation with the Wien fliermount of protons and,jHions
can be measured independently to determine the recontiriaside the storage cell. But several
effects have to be considered: The cross section for thedton of a B molecule into a H-ion

is about twice larger than to produce a proton from an atomth \&liectron bombardment even
protons are produced fromyHnolecules with a 10 times smaller cross section compareleto t
H3 -ions. The biggest influence on the ratio of thg-tén current to the protons current is the fact
that the average free path length of the-tdns in the used storage cells is shorter than the length
of the cells itself. Therefore, a huge number of-féns are lost and these losses depend on the
ABS atomic flux and the magnetic field inside this cell. Esakgidue to this effect a measurement
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of the recombination inside the cell with the different iamments seems to be impossible.

3. Resaults

When a molecule hits a wall it will lose an amount of polaii@atwhich depends on a so-
called critical magnetic fiel®;, defined by the molecule properties and an external magfinetic
Therefore, Wise et al.[2] showed that the average polasizaif the molecule® g ,) inside of a
storage cell as a function of an external magnetic field B hadgtverage number of wall collisions
n can be discribed as:

Bc\2
F)molecules(B,n) - IDm'en ()
with:
Pm:= nuclear polarization of the molecules after recomborati

If the nuclear polarization is not disturbed during the mation of the molecules and the charge
exchange reaction in the Cs cell this function can be medswith the polarization measurement
of the H} -ions in the LSP.

When the polarization of the protons is measured the sitmas changed, because the pro-
tons produced from the molecules will show the same dep@&eden the magnetic field as the
molecules. But the polarization of the atomic hydrogen shaulifferent behaviour. If only hydro-
gen atoms in hyperfine state 1 are injected, the polarizaki@s not depend on the magnetic field
B and the polarization of the protons is:

Bc )2
I:)protons(B,n) =a-Py+b-Py-e” (5)

with:

a:= relative amount of the protons produced from atoms,
b:= relative amount of the protons produced from molecules
P,:= polarization of the atoms.

With the known relation of the ionization cross sectioropf_- 4+ = 0.2- 0y_ -+ the recom-
bination c:= (Number of molecules) / (number of all particia the cell) can be calculated very
precisely:

b
~ b+a/s

An example of such measurements on a FOMBLIN film inside tlseduquartz cell is shown in
Fig. 2. Here, only hydrogen atoms in the hyperfine state 3eetied into the storage cell that was
cooled down to 100 K. The different polarization values d t; -ions (green points) are fitted
by the given formula (blue). Therefore, the polarizatiorttef molecules waB, = —0.84+0.02
and the number of wall collisions was= 217+ 24. When the polarization of the protons was
measured (red points) it was obvious that the recombinatiside the storage cell was very high.
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Figure 2: The measured polarization of thejHons (green) and the protons (red) as a function of the
magnetic field inside of the storage cell (T=100 K) when hgdmatoms in hyperfine state 3 are injected.
From a fit a nuclear polarization of the molecule$gf= —0.84+ 0.02 was determined.

A fit to the measured data delivers= 0.99340.005 and a polarization of the moleculesRyf =
—0.814+0.02. Within the errors the results of the different measummagree. Nevertheless, a
little bit lower proton polarization is possible due to tleefthat during ionization an unpolarized
proton background will be produced from residual gas, eaewmuch more often thanjHons.
Another interesting fact is the difference in the averagaloers of wall collisions determined with
both particles. Like described before, thgibns, which are leaving the storage cell for the LSP,
are produced mainly at the ends of the cell. Therefore, tbeage number af = 217+ 24 must
be higher, because the molecules with just a few wall coliisiin the center of the cell do not
contribute to this number. This value corresponds to theageenumber of wall collisions the
molecules undergo when they are leaving the cell. The agenagber of wall collisions for all
molecules in the cell is measured with the protons mrd137+ 15 fits to the simulated average
number of wall collisions inside the cell when only elastattering at the wall is assumed.

The other investigated surface materials so far, gold asddquartz, show a similar be-
haviour. The recombination was largex 95%) and the molecules are partly polarized with e.g.
Pn=0.45=1/2. P, for the gold surface.

Only water prevents the recombination at 100 K efficientlgt and only at lower temperatures
of about 50 K the recombination increasedcte- 0.8. Here, it should be mentioned that a cold
surface in vacuum will adsorb a water film from the residua gery fast. Even the cryo panels
mounted at the liquid helium tank could not avoid this efflectmore than a few hours, because
the major amount of the water comes from the ABS. Only heaifrthe surface at least twice per
day could avoid this water film in first order.
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A first measurement with deuterium atoms in a fused quartshelved that the critical field
for vector-polarized deuterium B;(D,;) = 8+1 mT and for tensor-polarized deuterilBgD,) =
11+ 1 mT. In this first step a vector polarization®f(D,) = —0.440.01 and a tensor polarization
of Pn(Dzz) = —0.24+0.03 was reached for the deuterium molecules when deuteriomsah the
hyperfine state 3 and 4 are injected into the cell.

4. Conclusion

With this setup it is now possible to measure the polariratibatoms and molecules in dif-
ferent storage cells at magnetic fields up to 1 T with very goi@tision. In addition, the recom-
bination on different surfaces can be determined in a teatper range between 40 and 120 K.
Following the idea of Wise et al.[2] even the average numlbavadl collisions of the molecules
inside the cell and at the cell exits can be measured. Igagins with different surface materials
at different temperatures show that the recombination dfdryen atoms is very large and indepen-
dent of the temperature. This and the large polarizatiom@itolecules, e.cPrn, = —0.844+0.02
after recombination on FOMBLIN, is in contradiction withethiterature [4], [5]. This might be
explained with the build up of a water layer on the cold swfam the other experiments. In our
case, only water was able to avoid the recombination of lgett@atoms at these low temperatures
and to avoid the water build up on different surfaces was drtbeomajor problems during our
measurements.

In principle, with this knowledge a new storage cell can b lrere the atoms might recom-
bine on a FOMBLIN film into fully polarized molecules at vergw temperatures. Then, the po-
larization is conserved but the target density is increasedto the lower velocity of the molecules
as compared to the atoms. But in this case, magnetic holéiigigs of 0.3 T or more are needed,
depending on the number of wall collisions, to avoid the poédion losses of the molecules and
the build up of a water layer must be suppressed.

A first experiment with deuterium atoms recombining on fugadrtz showed that even deu-
terium molecules can preserve the polarization partly. &arepolarization oPy(D;) = —0.40+
0.01 and a tensor polarization &,(D,;) = —0.24+0.03 was reached. When materials like
FOMBLIN will allow a high conservation of the atomic polaation in the molecules it is pos-
sible to produce polarized deuterium for the use as poldifizel in nuclear fusion [8].
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