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Vector and tensor polarization lifetimes for a stored deuteron beam
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The time dependence of the vector and tensor polarization of a 270 MeV stored deuteron beam was
measured near a depolarizing resonance, which was induced by an oscillating, longitudinal magnetic field. The
distance to the resonance was varied by changing the oscillation frequency. The measured ratio of the polar-
ization lifetimes iS7yecior/ Trensor= 1-9 0.2. Assuming that the effect of the resonance is to induce transitions
between magnetic substates, we find that the transition rate between neighboring statdsand 0 or—1
and Q is four times higher than between the states wijl+= +1 and —1.
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[. INTRODUCTION injector synchrotroCIS) and then transferred to the Cooler
where they were further accelerated to 270 MeV. The beta-
Since polarized beams were first cooled in a storage ringron tunes of the Cooler were adjusted to avoid &g+ 5
the question of how long the stored beam remains polarized- ,, intrinsic resonance during acceleration. The fractional

has been of considerable intergs}. It was found that UsU- petatron tunes measured after acceleration Wgre 0.188
ally the polarization lifetime is large compared to the beam ndQ,=0.214
y=0.214.

lifetime; however, as a depolarizing resonance is approacheg, In order to minimize systematic errors, the experiment

the pola_rizati(_)n _Iifetime decreases s_harply. Previously, th%vas carried out with beams of different combinations of vec-
polarization lifetime has been studied for stored protontor and tensor polarizatiofcalled “beam states” in the fol-

beams as a function of the distance from intrinsic as well a?owing) as well as with an unpolarized beam. The four beam

induced depolarizing resonandes3|. - ; . ;
- - X states were injected into the Cooler in sequence, using a
With the recent interest in deuteron beams for nuclear ) 9 9

. i . different state for each new cycle. Resetting the Cooler mag-
phy5|_cs _experlmentée.g.,_ at COS.\{A'])’ the behawor_ of the ets prior to injection ensured that no beam from the previ-
polarization of stored spin-1 particles has become importan

. . : ) L us cycle remained in the ring. In the following we describe
In par'ugu_lar, the question arises yvhether, in the vicinity of abriefly how the polarized beam was prepared. More informa-
depolarizing resonance, the lifetimes of vector and tensof,

larization differ on about the polarized sour¢€IPIOS can be found if7].
polarizatio er. : The process starts with the dissociation of deuterium at-
In a recent experiment at the Indiana Cooler, we measureg

the vector and tensor polarization of a 270 MeV stored deu- ms. These atoms emerge through a cooled nozzle and then
teron beam before andpafter adiabatically crossing an inducee counter two stages consisting of a set of permanent sextu-

o y cr gan [Sgle magnets followed by a rf transition unit. These devices
depolarizing resonandé&]. For a slow crossing rate, it was

found that the sign of the vector polarization is reverse ffect the populations of the six hyperfine states of the deu-

. X . P erium atom. In the following, we use the conventional num-
(flipped while the sign of the tensor polarization is un- bering of these states in order of decreasing energy in a non-

changed. At a_slower crossing rate, cor_respondmg to an ;g magnetic field8]. The sextupole magnets separate the
complete rotation of the spin closed orbit, the observed V€Catoms according to their electron polarization, i.e., states

tor polarization was zero and the tensor polarization reverse 2 3 are focused and states 4 5.6 are defocused. The rf tran-
sign but was reduced by a factor of([B], Fig. 3, and6]). sitions cause the inversion of the populations of pairs of

Since vector and tensor polarization behave so differently, .. 16 first stage is equipped with a medium field tran-
when crossing a depolarizing resonance, it can be eXpeCteglion (.MFT) and the second stage with a weak field transi-
that the polarization lifetimes also differ. The present article,[ion (WFT), immediately followed by a strong field transi-
describes the measurement of the vector and tensor polari on (SET) ,Table | illustrates how the four different beam
tion lifetime near an induced depolarizing resonance at 27Z§tbates(colljmn 1 are prepared. Columns 2 through 6, respec-
MeV. tively, list the hyperfine states that remain after the first sex-
tupole, the states that are exchanged in the MFT, the states
that remain after the second sextupole, and the transitions

Polarized deuterons from a pulsed atomic beam sourcmade in the WFT and the SFT. Finally, the hyperfine states
(CIPIOS were accelerated to 100 MeV in the Indiana Coolerthat are populated when the beam emerges from the source

are listed in column 7. The atoms are ionized in a strong field
(where the spins of the electrons and the nuclei are decou-
*Also at Indiana University, Bloomington, IN 47408. pled. This leads to the nominal vectoP{) and tensorP,,)
TAlso at Portland Physics Institute, Portland, OR 97201. polarization shown in columns 8 and 9. For a number of

II. PREPARATION OF THE BEAM
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TABLE I. Sequence of sextupole separations and hyperfine transitions made in CIPIOS. For details see
text.

Sequence of transitions

Beam state Sextupole 1 MFT Sextupole 2 WFT SFT Final state®, P,,

1 12,3 =4 1,2 2=6 1,6 1 1
2 1,2,3 =4 2,3 =4 34 -1 1
3 1,2,3 =4 2,3 2=6 3,6 0 1
4 1,2,3 =4 2,3 3=5 2,5 0 -2

reasons, the actual polarizations are less than their nominakll wall by the following software conditions. Two opposite
values: after acceleration in the Cooler the measured vect@lements of the stopping detector were required to have a
polarization(beam states 1 and) 2ypically was =0.6, the  signal. A leasty? fit to the wire chamber hit pattern had to be
tensor polarization in beam states 1-3 wa8.8, and the consistent with two prongs having a common vertex. This

tensor polarization in beam state 4 wag.6. vertex was restricted to the target position. The correlation
between the polar angles of the two prongs had to be consis-
Il SPIN MOTION tent with pd elastic scattering and the azimuthal angle differ-

ence was required to be within10° of 180°. In addition, the

In a ring with only vertical fields the magnetic moments energy deposited in the stopping scintillator for both prongs
of the beam particles precess about the vertical direction. Thend the angles measured by the wire chambers had to be
eigenvector of the precession of the magnetic moment in @onsistent withpd scattering. For the analysis that follows,
single revolution around the ring is called the spin closedevents in the center-of-mass angle range<96¢,,<130°
orbit. The precession frequency of the magnetic moment iRvere used.
the particle rest frame, the spin tune, is given Gy
where G=g—1 is the anomalous magnetic moment C. Polarization measurement
(Ggeutero= —0.1430) andy is the usual relativistic Lorentz

factor. A depolarizing resonance occurs when nonvertical A description of the formalism to describe spin-1 polar-

magnetic fields are encountered in resonance with the spigation and of the method to measure vector and tensor ana-
tune. A depolarizing resonance can be induced by a longityfy2N9 Powers with polarized deuterons can be found in the
dinal oscillating magnetic field. On resonance, the frequencI terature[10,11]. The spin-dependent cross section is given

of the oscillating field is given by, =f.(k* vs) wheref, is y

the circulation frequency of the stored beam dnds an = o[ 14 2T Reit 1)+ Totont 2T~ Rt
integer. Far away from the resonance the spin closed orbit is =00l 1Reliti)*+ Tadzo 2 Reltz)
vertical. As the resonance is approached the spin closed orbit + 2T, Re(ty))]. 4.9

tilts and precesses around the vertical direction. On reso- ) ) o

nance, the tilt is7/2 and the spin closed orbit lies in the ring Here, oo is the unpolarized cross sectidf,;; and Ty are
plane. Depolarization occurs because near a resonance the

spin motion becomes sensitive to the betatron amplitude of

individual particles and is no longer coherent.

IV. EXPERIMENT

A. Setup

The experiment was performed at the Indiana Cooler. A
layout of the setup is shown in Fig. 1. The target consists of
an open ended tube, 1.2 cm in diameter and 27 cm long
made from 0.05 mm thick aluminum. Hydrogen gas is fed
into the center of this target cell, resulting in a target thick-
ness of~5x 10" atoms/cr. The outgoing proton and deu-
teron frompd elastic scattering were detected in coincidence
in a stack consisting of a 0.635 cm thialE scientillator(F),
two wire chambergWC1, WC2, and a 15.24 cm thick stop-
ping scintillator(K) [9].

©®

RF Solenod

B. Event selection

Elastically scattered events were distinguished from FIG. 1. Indiana University Cyclotron Facility Cooler ring and
breakup events and from background originating from theexperimental setup. The components are described in the text.
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FIG. 2. Azimuthal count rate distributions for beam states 1—4. f (MHz)

The lines are fits using Ed4.1) and the known vector and tensor

analyzing powers. FIG. 3. Vector and tensor polarizations as a function of solenoid

frequency. The lines are leagt- fits of first- and second-order

) . Lorentzians to the vector and tensor polarizations, respectively.
the vector and tensor analyzing powers, é@ng andt,, the

corresponding bgam moments, which are related in a knOWQe terons in the Cooler wds=1 677551 Hz. Fronf, and

way to the polarization®, andP,, of the beam. The beam ¢ known circumference of the Cooler of 867G.01 m
moments depend on the orientation of t_he symmet_ry_axis 0514]’ one obtaingy=1.143 88 and,=Gy=—0.163 56. The

the polarized ensemb(ealled the spin ahgnment_amswth _ expected resonance frequency of the solenoid is then
respect to the scattering plane. In our case, with a vertical. y 40317110 Hz. Experience shows that the calculated
Spin alignment axis, theﬂ_moment _vanlshestll IS Propor- frequency is close to the actual resonance frequency, but an
tional to cosp, where ¢ is the azimuth of the scattering eynerimental determination is still necessary. In the first step,
plane,ty, is proportional to cos(@), andty, does not depend  he resonance is located approximately by a method de-
on ¢. In the present experiment we make use of ¢hele-  gcriped in[15]. The precise determination of the resonance

pendence of the observed yields to pick out the term§ycation requires a measurement of the beam polarization as
it11T11 @Ndt5,T5, in Eq. (4.1), which for beam states 1 and 5 fynction of solenoid frequency. This was done as follows.

2 are present simultaneously_. Ty_piczﬁldistributions forthe  Afier accelerating and cooling the stored beam, the rf sole-
four be_am_ sta_tes are shown in Fig. 2. Note that the offset Qlfloid was turned on by linearly ramping the amplitude from
the ¢ distribution is smaller for state 4, because the magni-a g to full power within 50 ms. The solenoid was then op-
tude of tyo is about twice as large as for the other beamgrateq for 1 s, after which the amplitude was ramped down,
states. Each term in E¢4.1) is the product of a beam mo-  mirroring the turn-on procedure. This was followed by the
ment and an analyzing power. The analyzing powerp®df  ,o|arization measurement. Figure 3 shows the vector polar-
scattering at 270 MeV are knoWaZ2]. Averaging over the  jzation from beam states 1 and 2, the positive tensor polar-
acceptance yields the effective analyzing pow€fs;=  jzation, averaged over beam states 1-3, and the negative
—0.31, Ty=—0.22, andTz,=—0.28. Thus, the moments tensor polarization from beam state 4 as a function of sole-
it;; andt,, are deduced and the vector and tensor polarizangig frequency. The curves in Fig. 3 are first- and second-
tions P, and P,, are obtained. order Lorentzian fits with widths of 754 and 1014 Hz

for the vector and tensor polarizations, respectively. The cen-

D. Induced resonance tral resonance frequency fg,=1 403 002- 14 Hz.

The rf solenoid used to generate an oscillating magnetic
field along the beam axis has been described elsevhate
In this experiment, the rms value of the field integral was The polarization lifetime is measured using the following
/B dI=0.7 Tmm when the solenoid was operated at fullprocedure. After the beam is injected, accelerated, and
power. On resonandsee Sec. |l the solenoid frequency is cooled, the solenoid is turned on and left on while data are
given by fo,=f.(1+ ). The circulation frequency of the taken. This is done with all four beam states and with the

V. MEASUREMENT
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FIG. 5. Vector and tensor polarization lifetimes as a function of
distance from the resonance. The curves are drawn to guide the eye.

|Ptensor |

each other. Since systematic errors decrease with increasing
magnitude of the polarization, the agreement between the
two measured tensor polarization lifetimes that differ in mag-
nitude by a factor of 2 suggests that systematic errors are
o 50 100 150 200 250 300 negligible. In the following we average the two values.

It is clear from Fig. 5 that vector polarization lasts longer
than tensor polarization. Figure 6 shows the tensor polariza-
FIG. 4. Vector and tensor polarizations of the stored beam as §0n lifetime versus the vector polarization lifetime. The solid

function of time. The solenoid frequency was 0.38 kHz away fromline represents the result of a leggtit of the points to a

the resonance. The lines are exponential fits. straight line going through zero. The ratio of the lifetimes
resulting from this fit iS7yector! Ttenso= 1.9 0.2. The long-

unpolarized beam. While resetting the ring magnets and indashed line represents equal lifetimes while the short-dashed

jecting beam for the next cycle, the solenoid is turned off. Inline represents a lifetime ratio of 3, which is the value one

order to improve statistics, data collected during ten Cooleexpects if transitions occur only between neighboring sub-

Time (s)

cycles are added for each beam state. states(Sec. VI and6]).

It is obvious that by this method only polarization life-
times that are comparable to the duration of a cyole the VI. THEORETICAL INTERPRETATION
order of 100 yare measurable. To achieve this, the distance AND CONCLUSIONS

Afso to the resonance is chosen accordingly. The experiment tha beam polarization can be described in terms of the

was carried out at the three values fofs,=0.38, 0.20, and ¢ ~tional populations n.. andn.) of the three maa-
0.10 kHz. The duration of the cycle was adjusted for best hop - o, +) g

coverage of the decay of the polarization. The data are then 1000 —
binned in time such that the data-taking period is divided ]
into about 15 bins. For the longest lifetime this results in bins
20 s wide while for the shorter lifetimes the bins are 4 s
wide. The beam polarization for each spin state is then de-
termined from theg distributions associated with each time L
bin as described earlier. As with the resonance search de-
scribed above, the vector polarization results from beam
states 1 and 2, the positive tensor polarization is an average
over beam states 1-3, and the negative tensor polarization is
obtained from beam state 4. Figure 4 shd®ysandP,, as a
function of time for Af,,=0.38 kHz away from the reso-
nance. - e
In order to determine the lifetime, of the polarization an 10 100 1000
exponential functiorP(t)=P;e""» was fitted to the vector T (s)
and the two tensor polarizations as shown by the lines in Fig. vetor
4. Figure 5 shows the vector and tensor polarization lifetimes £, 6. Tensor versus vector polarization lifetime. The solid line
as a function of the distancfg, from the resonance. The s a leasty? fit through zero. The ratio of the lifetimes resulting
lowest frequency &f4,=0.1 kHz) is at approximately half from this fit is 7yector/ Trenso= 1.9 0.2. The long-dashed line repre-

the maximum of the resonanc¢gee Fig. 3. As expected, the sents equal lifetimes while the short-dashed line represents the the-
lifetimes for the two tensor polarizations are consistent withoretical maximum lifetime ratio of 3.0.

ensor (

100

R
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netic substates of the deuteron along a quantization axis th@his equation relates the ratifyecio/ Tiensor t0 the relative
is along the spin alignment axis which coincides with thetransition rates between substates. One can easily verify that
spin closed orbit. Witn_+ng+n,=1, we haveP,=n,  if g, andqg, were equal the vector and tensor lifetimes also
—n_ andP,,=1-3no. would be the same. It is also clear thgfe/ Tenso= 3 IS the

Let g; be the transition rate between neighboring subtheoretical maximum, attained when,=0. The ratio
states (1. andno or n_ andno) andg, be the transitionrate /- -2 that results from this experiment implies
betweem andn_, . The evolu_tion of the populations of the thatq, is four times larger than,. This result may help to
three substates is then described by understand the detailed depolarization mechanism, which at

. this time is unknown.
Ny=-n,(q;+0z) +Nnedy+n_dy, s iMe 1S unkno

No=—"No(201) + N0y +Nn_dy, (6.1
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