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The Lamb-shift polarimeter described here enables the polarization of a beam of hydrogen
(deuterium atoms, or of a slow protofdeuteron beam, to be measured with an absolute precision
better than 1% within a few seconds. The polarimeter measures the intensity ratios of &yman-
transitions after Stark quenching of metastable hyperfine substates that were selected in a spin filter.
For that purpose the hydrogédeuterium atoms are ionized in a Glavish-type ionizer. By charge
exchange of the protorfdeuteronsin cesium vapor, atoms in the metastabf<2ate are produced.

For a hydrogen beam of>310'® atoms/s,~3x 10° photons/s are registered in a photomultiplier,

i.e., the polarimeter efficiency is about 7. The signal-to-background ratio in the Lyman-
spectrum is excellent, thus beam intensities of one to two orders of magnitude less would still be
sufficient to carry out a precise measurement. The different components of the polarimeter affect the
measured polarization in several ways. It was, therefore, crucial to determine precisely the
associated correction factors in order to derive the nuclear polarization from the measureddyman-
spectra. ©2003 American Institute of Physic§DOI: 10.1063/1.1619550

I. INTRODUCTION Il. EXPERIMENTAL SETUP

A number of Lamb-shift polarimetefs SP9 of different The functions of the following LSP components are:
designd~* have been in use to measure the polarization of
proton (deuteromn beams at polarized ion sources. Some oth-
ers are being plannéd’ The present LSP was designed,
built, and tested with unpolarized ion beams at the Univer-
sitd zu Koln. The measurements with polarized atomic
beams have been carried out at the Forschungszentrum Ju
lich using the ANKE polarized atomic beam soufésS).2
The LSP was specifically developed to measure and optimize
the polarization of neutral beams from such beam sources
with higher absolute accuracy in shorter times than achieved
previously.

In the present article, it is shown that it is possible to
measure the polarization of an atomic beam of hydrogen
(deuterium and also of a slow protofdeuteron beam up to
2 keV (4 keV) energy with a precision of 1% in a few sec-
onds. Beam intensities of less than 3@toms/s or
10 protons/s are required. Therefore, polarization measure-. )
ments of the gas in a storage cell target appear feasible Wiﬁillscussed in Sec. VI.

a small number of atoms effusing from the cell. Thus, our, .For{o the r|10n|zer _31 GIaV'Sh'tpr]f ldelec?rck))T—ct;)IIL\i:on
LSP constitutes an alternative to polarimeters of the BrejtOMI#€r “Was chosen with a magnetic field variable between

Rabi type’ 0 and 140 mT. A sufficiently high field is necessary to de-

' couple electron and nuclear spins in order to conserve the
nuclear spin during the ionization process. The atoms from
a)NOW at: Institut le Kernphysik, FOI’SChUﬂgSZEﬂtI’UI’ﬁ”@h, 52425 Jlich, the ABS are Ionlze_d by ?IeCtronS emltted fro_rn a hOt flllament'

Germany; electronic mail: r.w.engels@fz-juelich.de The electron density is increased by capturing them in a po-

« An ionizer with a strong magnetic field ionizes tfpo-
larized atoms from an atomic beam.

» A Wien filter is used to provide a longitudinal polariza-
tion direction for the atoms. It also removes unwanted
charged patrticles from the beam.

A cesium vapor cell transforms the ions into metastable
atoms by charge exchange.

e A spin filter transmits metastable atoms in different
single hyperfine Zeeman stat@$FS) corresponding to
the magnetic field inside.

* A Lyman-a detector measures the relative HFS occupa-
tion numbers after Stark quenching.

The special setup of the horizontally mounted LSP with
the vertically injected polarized atomic beam is shown in
Fig. 1. In the following, the discussion is mostly limited to
et_he case of hydrogen, whereas some aspects of deuterons are
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FIG. 1. Setup and principle of the polarization measurement with the Lamb-shift polarimeter. Details show the ionizer and the Stark quenching region

tential trap produced by several cylindrical electrodes. Thes€3) Furthermore, it is very useful for diagnostics, as de-
are also used to extract and focus the prdteuteron beam scribed in Sec. IV.
(see the inset in Fig.)1 Additionally, the gyration of the
electrons in the magnetic field increases the ionization effi- By charge exchange with cesium vapor, metastable at-
ciency by orders of magnitude te 10 4. When potentials 0ms in the 3 state are produced.The optimum tempera-
between 1 and 2 kV at the ionization column are applied, dure of the liquid cesium for the production of metastable
plasma can be generated, which leads to a further increase @foms in our case is 160 °C. A 10 g charge of cesium lasts
the ionization efficiency to about 16. The higher potentials several months.
reduce also the loss of ions during beam transport. However, To define the polarization of the metastable hydrogen, a
this plasma mode is very sensitive to the pressure inside thgfrong magnetic field in the Cs cell is required, i.e., a field
ionizer. strong with respect to the critical field &.=6.34 mT for

Subsequently, the ions are electrostatically deflected ontthe metastable atom$.The critical fieldB, is related to the
the horizontal beam axis. The necessary 90° rotation of thbyperfine splitting AW of an atomic eigenstate by,
polarization direction is accomplished by a Wien filter. Its =AW/2ug, whereug is the Bohr magneton.
crossed magnetic and electric fieBsndE are produced by The spin filtel® transmits only metastable atoms in
coils with iron pole pieces and electric field plates. The spinsingle HFSs, depending on the magnetic field. The other
precession determind3, whereas the field is adjusted to metastable atoms are quenched into the ground state by the
compensate for the beam deflection. Employing electricathree-level spin filter interactiotf,induced by the combined
lenses in front of and behind the Wien filter, a proton beamaction of three fields:
transmission of 80% for a spin precession of 90° was(
achieved.

The Wien filter is used as a mass filter as well, which
proved to be important for the following reasons:

1) A longitudinal magnetic field of a magnitude of either
53.5 or 60.5 mT, such that the metastable substates
and B+ and the short-lived substates- ande— of the
2P state become degeneratd-or these magnetic fields

(1) Only protons can reach the quenching region. Other ions
will thus not produce background light near the photo-
multiplier.

(2) Although the cross section for the process HCs
—Hg+--- was measured by us to be ZQ0 times

smaller than that for the production of metastable atomg2)

from protons, the remaining contribution of thg Hons
to the background is removed by the Wien filter.

the transmission of the metastable HRS- and a—
reaches a maximum. Along a distance-680 cm, the
magnetic fields should be as homogeneous as possible.
The measured variation of the magnetic field is about
+0.03 mT.

Atransverse electric field of about 10 V/cm to couple the
2S and 2P substates depending on the energy difference
between theniStark effect.
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= ] (2) All ground-state hydrogen atoms in the beam behind
£ 3100t | the spin filter possess a kinetic energy depending on the po-
%2'5.106 i i tential of the ionization column in the ionizer. Once they hit
= 6 | a surface, they emit photons. It proved necessary to stop
5 210 | atomic and ion beams far away from the quenching region.
g 1510 N N | Therefore, the Faraday cup is placed outside the quenching
B 10} * - region. In order to suppress multiply scattered photons, the
'g" 05.10° | i cup and the quenching lens are made from stainless steel,
2 /\ | which has a very small reflection coefficient for wavelengths
A 52.5 55.0 575 60.0 62.5 below 200 nm.

Magnetic field in the spinfilter [mT] (3) In the spin filter, most of the metastable atoms are

of 3 duenched into the ground state and Lymaphotons are
produced. A diaphragm between the spin filter and quenching
region could be used to prevent this light from reaching the
photomultiplier. This aperture, however, would also restrict
éhe diameter of the beam of metastable atoms. The quench-
ing lens prevents a direct line of sight between the spin filter
cavity and the entrance window of the photomultiplier, while
the choice of the materigktainless steglsuppresses mul-
tiple photon scattering.

Behind the spin filter, the longitudinal electric field ~ (4) The background in Fig. 2 is dominated by collisions
(~100 V/cm), produced by a cylinder lens, quenches thebetween beam atoms and the residual gas in the quenching

residual metastable atoms into the ground state. As a funéegion. The initial signal-to-background ratio-is100, it de-
tion of the magnetic field in the spin filter, the Lyman- Creases when the chamber pressure is increased. A pressure
photons(121 nm), emitted by this transition, are registered Of 10~ ° mbar and a beam intensity 0b6L0'* atoms/s, cor-
selectively wih a 1 in. photomultiplier tubéPMT) sensitive ~ responding to 1uA behind the ionizer, result in 6
only to wavelengths between 110 and 200 (ffig. 2.1° The X 107 interactions/s in front of the PMT. With the estimate
number of photons counted in one hyperfine state is propothat ~10% of the atoms or gas particles produce 110-200
tional to the number of protons with the same nuclear spif!m photons and that-10"" of them are registered in the
orientation behind the ionizer and, therefore, to the numbePMT, about 10 background photons/s are expected, in rough
of atoms in the primary beam. agreement with the measured value. The only disadvantage
From the ratio of the number of photons, which are pro-Of the cylindrical quenching lens is that it reduces the pump-
duced in the peaks at 53.5 and at 60.5 mT in the spin filteri"d Speed near the quenching volume at the photomultiplier.
the polarization of an atomic or a slow ion beam of 500— (5 A minor source of light is the hot filament in the
2000 eV can be determined. Forxa0'® atoms/s injected IOnizer. When no ions are produced in the ionizer, a very
into the ionizer, a peak value of about %.2¢° photons/s ~Small signal of about 100 photons/s, varying with the fila-
was registered, thus yielding an overall efficiency of the po/nent temperature, is observed.
larimeter of~ 10" °. A statistical error of the polarization of When the ionizer operates in the plasma mode, some of
~0.005 is obtained in 2 s. the additional photons produced are detected with the photo-
multiplier. However, the number of photons from this effect

is 10”4 times the number of the expected Lymarphotons
IIl. BACKGROUND IN THE LYMAN SPECTRUM and can normally be neglected.

For the measurement of the polarization it is essential to ~ (6) During all measurements the dark current of the pho-
minimize the constant background in the Lyman spectrumtomultiplier corresponded to 10-100 photons reaching the

This background, produced independently of the magneti€MT within 1 s.
field in the spin filter, stems from several sources:

(1) When ions are not neutralized in the cesium cell, they,, corrECTIONS
can reach the quenching region even through the electric
fields of the spin filter. These ions are deflected by the elec- The quantity
tric quenching field and hit an electrode. There they can re- N, —N_
combine and, during this process, many photons of different PLy:m,
wavelengths are produced in front of the photomultiplier. For s
example, there are about 60100 possibilities for & (N*) determined from the peak integrals, andN_, is a mea-
ions to emit photons in the wavelength window of the sure of the nuclear polarizatiqn, of the atoms or iongFig.
photomultipliert” The Wien filter can be adjusted in a way 2). However, a number of corrections are necessary, which
that only protongdeuteronsarrive at the quenching region. are small for ion beams but essential for atomic beams. The
The cylindrical shape of the quenching lens is very helpful precision to which the correction factors can be evaluated
because residual protons do not hit the electrodes, whemetermines the absolute accuracy of the polarization value
they would produce photons in front of the photomultiplier. that can be obtained with the LSP.

FIG. 2. Lymane spectrum of a polarized atomic hydrogen beam
X 10'® atoms/s measured in 20 s.

(3) Aradio frequency field of 1.6098 GHz in a Tgyh mode
cavity for a strong coupling of the metastable substate
a+ andB+ at 53.5 mT, ora— and B8— at 60.5 mT. The
power for this rf field is about 100 mW and the quality
factor (fes/ Afrwhm) Of our cavity is~1800.
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atomic hydrogen beam. The spectrum was obtained with a reduced effi-

. . ciency of the ionizefsee Sec. V.
FIG. 3. P, of an atomic hydrogen beam in the HFS 1, 2, antl2las a rency lonize X

function of the current in the solenoid coil of the ionizer.
higher ionization efficiency, the plasma mode proves not use-
A. Magnetic field in the ionizer ful here. The plasma’s sensitivity to changes in ionizer pres-
sure leads to instabilities, such as changes in ionization effi-
ciency, e.g., when the beam is switched on and off.
With b=Ngy/(N,+N_), the ratio of the sums of the
eak intensities without and with the beam, the appropriate

While the polarization is constant for hydrogen atoms in
the pure HFS 1 and 3, it depends on the magnetic Befor
HFS 2 and 4. The ionization process in our ionizer take
place at.a magnetic f'elq of-14Q mT or less. Theref_ore_, for t_h orrection factor can be calculated. The polarizatinoor-
calculation of the polarization in arbitrary magnetic fields it - :

. . rected for this effect is
is necessary to know the occupation numbers of the atoms in

these substates f@— . In order to derive the occupation (N =No/2) = (N_—No/2)
numbers of the HFS 2 and 4, the measured value pthas ~ (N, —Ng/2)+(N_—No/2)
to be corrected. For a given magnetic fi@dthis correction
factor corresponds to _ N, —N-_
5T (N4 +N_)—Ng
1+ ( B_c _ N, —N_ _p 1 @
ColB)= )= B @D (N, +N)(1-b) "Y' 1-b’
B. Thus, the residual gas correction factor is

whereB,=50.7 mT is the critical field for hydroges. 1

The present type of ionizer allows the variation of the Cgaszl_b- ©)

magnetic field in the ionization column, whereby the effi- )

ciency of the ionizer is affected and the polarization remains ~ F1gure 4 shows a spectrum taken after a few hours of
the same. Therefore, one can make use of the field depeRUMPINg only, yieldingCg,=1.120+0.002. Due to the de-
dence ofP,, of an atomic beam to identify the substates Pendence on the vacuum conditions, this factor mu_st be
Even the relative population numbers of a beam composed &hecked repeatedly. After a few days, the pressure in the
a field-independentpure and a field-dependentmixed) ionizer without .the beam is normally aboutx2.0™ ° mbar
substates can be determined, as shown in Fig. 3. For a typical'd the correction factor, typically, drops @,¢=1.005.
applied magnetic field of 134 mT, the correction factor for

the HFS 2 iSCion:]..O?Oi 0.001. C. Recombination

When the atoms hit a surface in the ionizer, they can
recombine into molecules. From the measured time constant
The ionizer produces protons from residual gas mol-for equilibrium of the ionizer pressure of about 1adter the

ecules like H, C,H,,, and especially from kD. These un- injection of atomic beam the number of wall collisions of
polarized protons cannot be separated from the polarizedholecules in the ionizer is estimated to be at least 10 000.
protons produced by the beam and will decreBge When  Using the field dependence of the depolarization of hydrogen
the atomic beam is switched off, the beam-independent backnolecules from Ref. 18, an upper limit for the nuclear polar-
ground in the Lymarw spectrum can be measured separatelyization of the hydrogen molecules 6f0.2% is calculated.
(Fig. 4). The efficiency of the ionizer has to be the same forTaking, in addition, into account the known higher depolar-
both measurements. This condition is fulfilled in the electronization of hydrogen atoms on the stainless steel surface of
impact mode of the ionizer, when the potential of the ioniza-the ionizer prior to recombinatiolf, we conclude that the
tion column is relatively lon(~500 V), resulting in a modest nuclear polarization of the molecules in the ionizer is zero.
but stable ionization efficiency of about 19 Despite its  The ionizer will, therefore, produce unpolarized protons and

B. Residual gas in the ionizer
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FIG. 5. Hy and the H ion current as a function of the pressure in the

ionizer by admission of varying amounts of fito the ionizer. FIG. 6. Measured®,, as a function of the current in the coils of the Wien
filter.

H, ions from these molecules. Using the Wien filter, it is
possible to determine this beam-dependent unpolarized back-
ground. A calibration of the ionization process is obtained by
measuring the proton and,Hion currents as a function of
the ionizer pressure, which is varied by admission of a smalE. Cesium cell
amount .Of hydrogen gagrig. 5)'. These (_:urrent_s are com- When protons with polarizatioR pick up unpolarized
pared with those from an atomic beam in the ionizer. Since . .

. . . electrons from the cesium atoms in the vapor cell, the occu-
the ratior of the number of protons andjHions now is

L : . pation numbers of metastable atoms in the mixed HFS
known, it is straightforward to measure thg Kurrent with e
. ; nd B+ depend on the magnetic fied in the cell, and
the atomic beam on and then to determine the current
ereforeP, as well.

unpolarized protons in the ion beam, produced from, H With the probabilities W, = (1+P)/2 and W_=(1
: . , = _=
with use of Fig. 5. In our case, the ratio of the number of _ P)/2 to find a proton withm, = + 1/2 orm,= — 1/2 in the

protons from molecules to that of all protons is beam the probability, . for the production of metastable

d
Cwe=1+ — =1.010+0.003.
Py

Nprotons from i NH3T 0,087+ 0,007 @ atoms in HFS 1 is
c= = =0. +0. .
Nprotons Nprotons 1+P

Wy = 6W+WmJ: +12~ €

The correction factor arising from this effect is 4

wheree is the efficiency of populating a metastable state, and

creczléczl_ogﬁ 0.008. (5)  Wm,—+12=1/2 is the probability of capturing an electron
with s= +1/2.
When the atomic beam enters the ionizer, the pressure inside For the mixed HFSe—, the situation is more compli-
increases from 108 to 210" ® mbar. cated because both,m(;m;)=(+1/2;—1/2) or (—1/2;

Using the fact that both cross sections have the same 1/2) contribute to
energy dependence in the region of interest and differ only in
: o : W, 1-a(B)
magnitude by a factor of 0.6, it is possible to calculate the w__(B)=e¢ - 5

efficiency of the ionizer from the data of Fig.?%. 2 2

(wL1+MB)

8 8

wherea(B) is defined in Eq(1).

The precession of the polarization of the protons de- The measure®,, is given by
pends on the quantity Bdl along their trajectories in the
magnetic field of the Wien filte(WF). This field integral P (B)= Wo s =W
varies according to differences in the path lengths and field Y Wi + W,
inhomogeneit.ies. This I(_eads to so.melloss_ of poIari;ation due W.[1+a(B)]-W_[1+a(B)]
to the averaging over different spin directions. In first order, =
the loss increases linearly with the strength of the magnetic W, [3-a(B)]+W_[1+a(B)]
field, i.e., with the precession angle. A comparison of the P[1+a(B)]
minima and maxima of the curve in Fig. 6 yields a polariza- = 27 P[1-aB)]’
tion loss of 241=0.016*+0.004 for a precession of the polar-
ization from 8= +90° to +270°. For a precession from The proton polarizatio® can be expressed as a function
=0° to 90° atl =1.55 A, the correction factor amounts to  of the known magnetic fiel@.s and the measure#, ,

(1+P)[1-a(B)] N (1- P)[1+a(B)]}

D. Wien filter
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Magnetic field in the cesium cell [mT]

TWor =W, Pye(T+1)+(T—1)

i 143 s ze 7 Py TW,, W, Pued T—1)+ (T+1)"

0g i from which follows
i P(1+T)+(1-T)
0.6 T Meta=P (1_T)+(1+T) (8)
A Y
04+ 1 The correction facto€ ¢ for the spin filter(SP is a function
of T and the measureH,, ,
02F T
1
. , ' ' , (1+T)+ 5—(1-T)
0 5 10 15 20 Ly

Cse €)

CPL(I-T)+(1+T) "

The transmission rati® is obtained from a measurement
of P., with an unpolarized beanP{,e,=0) using Eq.(8).

For our spin filter, P\, (Pyew=0)=0.0044+0.0020,
which yields T=1.009-0.003. For typical values oP,
=0.78 and—0.78, one find€s=0.997+ 0.002 fora+, and
1.003+0.002 fora—. This correction factor is the only one
that reduces a positive polarization, or increases a negative

Current in the coil of the cesium cell [A]

FIG. 7. Measured and fitte®d,, [Eq. (6)] as a function of the current in the
field coils of the cesium cell.

2
“[1ra®)]-Pyli-aB)] ¥’

P (6)

The correction factoC, is thus a function of the magnetic
field and of the measured,, ,

polarization.

In Ref. 4 the authors simply normalized the polarized

2 Lyman- spectrum to the unpolarized one.

C

=f1+a(B)]-Py[1-a(B)]’ @)

G.

In our cesium cell, average magnetic fields upBo
=55 mT can be produced, which correspond to nine times
the critical field of the metastable hydrogenB(

P!

Other corrections necessary?

Below we discuss some other effects that could influence

=6.34 mT). Therefore, during the production of the meta-(1) |t is known that the cross section for the ionization pro-

stable atoms=0.9934+0.0004 of the polarization is con-
served. ForP,,=0.78 the correction factor i€cs=1.0058
+0.0004. This can be determined very precisely from the
difference between the measur®g, and the extrapolated
value P (B—x) (Fig. 7). The discrepancy between mea-
surement and fit for low currents in the cesium cell coils is

cess
H+e—H"+2e,

depends on both the polarization of atoms and
electrons?! If electrons are polarized, the ionization ef-
ficiency for atoms in different HFS can vary depending

caused by the remanent magnetization of the stainless steel ©on the type of ionizer.

of the cesium cell.
F. Spin filter

Even if measured with an unpolarized primary proton
beam or with unpolarized molecular,Hjas in the ionizer,
the Lyman spectrum shows some asymmetry. This is caused
in the spin filter by differences in the magnetic field inhomo-
geneities at 53.5 and 60.5 mT, leading to different transmis-
sion probabilities,,, andt,_ for metastable atoms in HFS
a+ or HFS a—, respectively.

The polarizatiorP ., of metastable atoms in the cesium
cell, corrected foBcs— is used to calculate the probabili-
ties of metastable atoms in HRSF («—) in front of the spin
filter,

_ 1+ Pyeta

1- PMeta
a+ 2 .

and W, = 5
For the general case including, #t,_,

_ta+Wa+ —ta,W
Yt W+, W

a—

a—

Using T=t, /t one obtains

a—

e In Ref. 22 it is reported that in an electron cyclotron
resonancg ECR) ionizer the number of protons pro-
duced depends on the hyperfine states of the incoming
atoms. Some of the accelerated electrons stem from po-
larized atoms and, therefore, the electrons in the ioniza-
tion plasma may not be completely unpolarized. Polar-
ization transfer from elastic electron scattering off the
polarized atoms may contribute as wellThe ioniza-
tion efficiency depends on the HFS of the primary at-
oms. Differences on the order of 0.01%-0.1% have
been observed. Thus, it was possible to tune the transi-
tion units in the polarized ABS.

» The authors of Ref. 24, using a strong field electron-
bombardment ionizer, measured changes of the ioniza-
tion efficiency of 1% for different combinations of at-
oms in two hyperfine states.

For the Glavish-type ionizer, the effect described
above should be much weaker, because almost all elec-
trons originate from a hot filament and are unpolar-
ized. The influence of polarized electrons in the ion-
izer can be determined by measuring the ion current in
the cup as a function of the occupation numbers of the
HFS, when the heating of the cesium cell is switched
off. The ion current will change, depending on the rf
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TABLE |. Correction factors for HFS 1 and 2. 1 T T T T T T T

Correction factor HFS 1 HFS 2 08k s |
lonizer: B+ (Cigy) 1 1.07G+0.001 - T 7
Residual gas€g,9 1.005+0.002 0.6 - = -
Recombination C,.) 1.095+0.008 = :
Wien filter (Cyyg) 1.008+0.002 A 04l = |
Cs cell Cco 1.0054-0.0004 '
Spin filter (Csp 0.997+0.002 1.003+0.002
Total Cyo; 1.112+0.010 1.197+0.010 0.2 - 7
0 i 1 1 i 1 ] 1
2 3 4 5 6 7 8 9 10

" . . Pressure in the deflector chamber [10_8mbar]
transition units employed behind the last sextupole

magnet in the ABS, b}/ Whi.Ch the OCCUPation numbersgg. s. P, as a function of the atomic beam intensity, measured in units of
of the HFS can be varied without changing the absolutehe absolute pressure in the deflector chamber. Without the beam, the pres-
flux. sure in the deflector chamber was 810 8 mbar.

(2) When the metastable atoms enter the region of the mag-
netic field gradient at the exit of the cesium cell, trans-C,yz Ccs Csg=1.011+0.003 is much smaller than for the
verse magnetic field components cause a precession atomic case.
the polarization depending on the atom trajectories.
Partly, the small loss of polarization is compensated by
the field gradient of opposite direction at the entrance ofV. SENSITIVITY

the spin fllger, as cal.culated.for. the LSP of the TUNL The measurements, discussed here, profited from the
Iaboratoryz. Our design mamtams_the same absolutehigh beam intensity of the ANKE ABS. For hydrogen, typi-
gradients of~10 mT/cm at the cesium cell and at the ooy 7 4% 1016 atoms/s in two HFS are injected into a com-
spin filter. The field gradient at the exit of the cesium Ce”pression tube of 10 mm diam and 100 mm length. The LSP
was varied around this value by applying iron shims ofis ‘however, sensitive enough to measure the polarization of
different thickness at the end of the cesium cell coil. Nog peam with strongly reduced intensity in a reasonable time.
measurable change in the Lyman spectra could be obxs an example, Fig. 4 shows a spectrum, measured with full
served. beam intensity, but with the ionizer efficiency reduced from

(3) It has been showhthat the distribution of photons from 1073 to 10°°, resulting in a photon rate of f(hotons/s at
quenching of polarized metastable atoms in a homoges3.5 mT. With decreasing beam intensity the contribution of
neous electric field is nonisotropic due to the electricunpolarized atoms from residual gas to the Lyman spectrum
dipole character of the ground-state transition. For ancreases. The measured asymmeyy thus decreases, as
Lamb-shift polarimeter this effect is very small, becauseshown in Fig. 8. As discussed in Sec. IV A, the nuclear beam
only metastable atoms in HR&+ anda— are quenched polarization can be determined by applying the proper cor-
in front of the photomultiplier, which have the same rections even for the low beam intensity. These corrections
electron-spin orientation for different orientations of the do not appear in polarization measurements on préton
nuclear spin. deuteron beams and should give good results for intensities

. — as low as 18 ions/s (20 nA). Possible improvements are

H. Calculation of the polarization discussed in the next section.
From the known correction factors for atoms in the dif-

ferent HFS it is possible to determine the polarizatmyy,

of the atomic beam from the measutg, . In principle, itis ~ VI. DISCUSSION

necessary to calculate the polarization of the metastable at-

oms in front of the spin filter with the correction factGge possible to measure the polarization of a hydrogen beam
and in front of the cesium cell with the correction fac¥s, it an error of 1% in 20 s or less, depending on the atomic
because these factors are functions of the polarization. Thg., jntensity. The statistical error of about 0.3% increases
corrections are, however, very small. It is, therefore, suffivy o 504 when the time period for one scan is reduced to 2 s.
cient to multiply P, (HFS) by the single HFS-dependent  The total error of the nuclear polarization is dominated
correction factors, listed in Table I. by the systematic error of about 0.9% in the correction fac-

From the measured quantiBj, =0.780+0.002(Fig. 2 tors for the present LSP. As discussed above, the corrections
and with the total correction factor, the nuclear polarizationhave to take into account the properties of the LSP compo-
of the atomic bean{HFS 1) is calculated to be,=0.867 nents, but they can be determined using the polarimeter it-
+0.009. self. The largest contribution to the systematic error of 0.8%

For a polarized protofor deuteronbeam, the correction originates from the recombination of beam atoms in the ion-
factorsCyas, Creer @ndCiq,, associated with the ionization izer. This error can be reduced by providing a better vacuum
process, are not applicable. In this case, the total correctioim the ionizer.

With the Lamb-shift polarimeter, described here, it is
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90k ' ' ' ' ' ' ] region and a new Wien filter are under construction. They
= sl ] will lead to a better beam transport of the metastable atoms
< and higher transmission, respectively. In addition, the present
= 70r . " i i i i
E photomultiplier of 1 in. diameter is replaced b 2 in. type
2 60r 1 with a narrower window of sensitivity around the 121 nm
g Sor 7 Lyman- wavelength'® Moreover, a lock-in amplifier in
Ed0p 7 combination with a chopper in front of the ionizer will sepa-
?é 30| 8 rate the beam-associated Lymansignal from the back-
2 20} . ground. With these improvements, it appears feasible to mea-
= 10l 4 sure continuously the polarization of a small fraction of the

L L L atoms, emerging from the storage-cell target of the ANKE
55.5 56.5 57.5 58.5 59.5

spectrometer into the LSP, in order to determine the polar-
ization of the hydrogen and deuterium targets. The LSP con-
FIG. 9. Lymane spectrum of a polarized deuterium beamP,( stitutes an indispensable tool for future polarization experi-
=—0.06:P,5,=—1.09). ments, such as the measurement of the tensor analyzing
power of the proton-induced deuteron-breakup reatftian

The total error of the polarization of a protédeuteron ~ COSY, but also for other polarized-ion source developments.
beam of 500 nA isAp,;=0.004 fo a 2 s measurement
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