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Analyzing Power for d- He Elastic Scattering at 12.0, 14.0, and 17.0 Mev
~ ~
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Angular distributions of the analyzing tensors for d-4He elastic scattering in the angular
range 30-145' (c.m. ) and at 12, 14, and 17 MeV are presented. An over-all absolute pre-
cision of about +0.01 is obtained. In addition to the complete angular distributions, data
were taken in a fine mesh near 12 MeV, 37 (lab), where the analyzing tensor A» apparent-
ly approaches unity. The manner in which it can be decided whether or not A» goes to ex-
actly unity is discussed. If this is found to be the case, a valuable absolute polarization
standard will be available.

INTRODUCTION

d-n elastic scattering offers one of the most
direct means for learning about the structure and
levels of the 'Li nucleus. In addition, since the
phase shifts which describe the interaction vary
only slowly with energy, ' and since the polariza-
tion effects are large, the process has assumed
considerable importance as a means of intercali-
bration of data obtained at various polarized-beam
fac ilities.

In the present paper, we report angular distri-
butions of the four analyzing tensors for d-4He
elastic scattering at 12.0, 14.0, and 17.0 MeV.
The data reported are absolute within the quoted
errors.

There have been several previous measure-
ments of d-n polarization parameters. The most
recent and complete data is that of the Zurich
group, ' ' in which angular distributions of all four
analyzing tensors were measured at many ener-
gies in the range 3-11.5 MeV. On the high-energy
side of the present data, measurements of three
of the four tensors in the range 17.7-21.4 MeV
have been obtained by Arvieux et a/. ' For a com-
plete and recent list of previous experiments, see
the review article by Ajzenberg-Selove and Laur-
itson. '

There are many experimental problems associ-
ated with obtaining high quality analyzing power
data for spin-1 projectiles, many of which either
do not occur or are less serious in the case of
spin-a projectiles. This article will discuss the
problems of this type which were studied during
the acquisition of the present data.

EXPERIMENTAL DETAILS

A beam of 75-100-keV longitudinally polarized
deuterons was provided by the Los Alamos Scien-
tific Laboratory (LASL) Lamb-shift source. ' A

crossed field analyzer was used to precess the
deuteron spin in the horizontal plane, so that the
spin angle P (cosP = s k, where s is a unit vec-
tor along the polarization symmetry axis and k
is the beam direction) at the target was as de-
sired. Spin angles of P =45, 54.7, and 90' were
used during various portions of the data collec-
tion. The polarized beam was accelerated to
12-17 MeV with the LASL FN tandem accelerator.

An over-all plan view of the accelerator arrange-
ment is shown in Fig. 1. For the beam line used
(switching magnet 45'position) the spin angle P
with the spin precessor turned off is 88.2'. The
spin precessor calibrations were determined by
the up-down asymmetry of d-u scattering. The
spin angle settings so obtained are accurate and
reproducible to about +0.5'. The limiting pre-
cision on the spin angle is believed to arise from
"spin aberrations, " i.e., from unwanted preces-
sion of the spin by the various ion-optical ele-
ments. These effects depend on the orbit of the
beam thxough a particular device, and are espe-
cially severe for the entrance or exit of a bending
magnet. ' '

Beam Polarization Determinations

The beam polarization was determined by the
quench ratio method" on the analyzer cup (see
Fig. l). For deuterons, this method is less re-
liable at the present time than it is for protons,
where 0.4% absolute accuracy has been obtained
under the best conditions, and where about 1%

absolute accuracy is routinely obtained. About
2/g accuracy is routinely obtained for deuterons,
and is assumed here.

There are two main sources of error which
presently limit the accuracy of the quench ratio
method. First, depolarization in the tandem ter-
minal, which arises from the residual gas, is
a significant effect. For a'H ion which is pre-
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maturely stripped to a 'H' (neutral) atom be-
fore the stripper. foil, one expects" a depolariza-
tion of —, for the vector polarization (P~) and —,

for the tensor polarization (Pzz). A measurement
with deuterons at 10 MeV, i.e., with 5 MV on the
tandem terminal, indicated a tensor depolariza-
tion of about 1.5% for the prevailing pressure in
the tandem terminal, corresponding to about 2.3%
of the 'H ions being prematurely stripped. This
can be used to estimate the depolarization at other
energies by assuming that the effects vary as the
reciprocal of the ion velocity, as is expected for
atomic charge exchange collisions at these ener-
gies. " A graph of the expected depolarization as
a function of energy, based on this assumption,
is presented in Fig. 2. Proton depolarization, as
estimated from the same datum, is also shown.
This effect can be removed by providing adequate
pumping in the tandem terminal; no terminal pump
was available to us during the present experiment.

The depolarization measurement discussed
above was made as follows. The second-rank
beam polarization was first measured, by d-al.

scattering, under normal conditions. The stripper
foil was then removed and the current still reach-
ing the analyzer cup was measured (105 pA). Ad-

ditional gas (0,) was then let into the stripper
foil region (no strippper tube in place) until the
analyzer cup current reached 4.2 nA. Since the
current should vary as the square of the stripper
region pressure for a two-step process ('H -'H'
followed by 'H'- 'H') this indicated that the pres-
sure was increased by a factor of 6.4 by this oper-
ation. The stripper foil was then replaced, and

the tensor polarization of the beam was again mea-

sured, and found to be 9.7+1% lower than the initial
value. Since the depolarization should vary linear-
ly with the pressure, this gives the quoted result
of -1.5% for the depolarization under the usual
vacuum conditions. Since the vacuum conditions
in the accelerator are somewhat variable, depend-

ing on recent history, this can be a serious source
of scatter of data taken at different times, par-
ticularly for energies lower than 10 MeV.

The second effect is associated with the "polar-
ization enhancement by beam scraping. " This
arises from the fact that the unpolarized com-
ponent of the beam is of lower ion-optical quality
than the polarized part, and hence is preferentially
rejected at each slit or aperture. Ideally, then,
one wishes to measure the quench ratio on target.
%e have been able to obtain stable readings, how-

ever, no further downstream than the analyzer
cup. The polarization enhancement between the
analyzer cup and target is believed to be of the
order of 1%. This estimate is obtained as follows.
The effect should be 2 to 2-,' times worse for deu-
teron beams than for proton beams, since the un-

polarized fraction of the beam is 2 to 2—,
' times

larger in that case, and an estimate of 0.4% has
been obtained for protons. " The proton effect
was estimated by comparing the on-target quench
ratio to the (relatively stable) analyzer-cup tluench

ratio many times. This effect, too, probably in-
creases for lower beam energies since the system
transmission then falls. This error can possibly
be removed either by improved machine energy
regulation or by a rapid (pulsed) measurement of
the quench ratio. '~

The quenched beam is actually slightly polar-
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FIG. 1. Layout of the Los Alamos Scientific Labora-
tory source-accelerator system, showing the position
of the analyzer cup which was used for the quench ratio
measurements. p@ is the fraction of the beam which is
polarized in the selected state.
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FIG. 2. Vector and tensor depolarization for deuterons,
and vector depolarization for protons, which occurs via
the residual gas in the tandem terminal.
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ized. This results in a small (known) correction
to the value of the polarization one calculates
from the raw quench ratio. The correction amounts
to +0.4+0.1% for P~~ and to -0.1+0.1%%uo for P~.
See Ref. 9 for a discussion of this correction.

In summary, the quench ratio raw result should
be corrected by a variable amount. However, the
two largest effects cancel to a very large extent.
For the present work, we apply no correction to
the observed quench ratio determinations of beam
polarization, and designate an uncertainty of +2%%uo

for the values so obtained. This uncertainty may
be regarded as chiefly a scale error.

The methods used for analyzing power deter-
minations require a knowledge of the polarization
of the beam in each of the three spin substates
used. The values characteristic of the mr = 1 sub-

tate are Pz =1~pzz =1; those of the mi =0" sub-
state are Pz= pzz =-1.966; and those of the mr
=-1" substate are pz =-0.984, pzz =0.952. The
quotation marks indicate that the selected states,
except the mr =1 state, are not quite ideally pure.
Often the state m, =1 with the ionizer fields re-
versed was used in lieu of the mr =-1 state; for
thi»tate we have Pz = -1 and Pzz = 1. The raw
quench ratio measures the fraction of the beam in
the selected substate, the remainder being as-
sumed unPolarized. The relative values of Pz
and Pzz that are given above are calculated on the
basis of a 60 6 ionizer field in the polarized
source; experimental verification of these values
has been made only to -0.5%%uq. However, a change
in the ionizer field of -5% would change the &quoted

value, even in the most sensitive cases, by some-
what less than 0.5%%uo.

Experimental Method

A 30.5-cm inside dimension cube-shaped scat-
tering chamber which allowed simultaneous de-
tection of particles scattered in the horizontal and
vertical planes was used. The methods which were
used are described in detail in Ref. 15 under the
titles "Ratio Method" and "Three Spin State Meth-
od." Each of these methods yields the observables
Agg p A yy p A y p and Azz rather than the customa rily

The cube was filled with He gas at 1 atm for
the measurements. The scattering geometry is
summarized as follows: width of front and rear
slits is 1.02 mm; height of rear slit is 9.5 mm;
separation between slits is 58.6 mm; target center
to rear slit distance is 92.1 mm; slit thickness
(brass) is 0.5 mm; and angular resolution [full
width at half maximum. (FWHM)] is -1'.
The beam current was balanced on the front and
rear horizontal and vertical slits of the chamber.
In the case of the ratio method, where a 180'

rotation of the chamber is involved, the condition
for a "proper flip"" was required —that is, the
fraction of the total current appearing on each
slit jaw was required to be the same before and
after the rotation. This condition was sought
manually. That is, beam steering adjustment was
made until rotation of the cube did not change the
balance. (It should be noted that one does not re-
quire the slit currents to be equal. ) No beam
steering adjustments were made after the initia-
tion of a data cycle. In the ease of the three spin
state method, no rotation of the apparatus is in-
volved, and the beam steering adjustment is there-
fore less critical. The stability of the slit current
balance is one of the chief factors which limited
the accuracy of the experiment, especially in view
of the rather small geometry which was employed.

The rear slits are an integral part of the Fara-
day eup, so that the slit current indicating device
must subsequently sum the currents and deliver
the sum to a standard current integrator. This
was accomplished with a locally made circuit.

The computer program used for these measure-
ments controls all of the required functions auto-
rnatically. Depending on the method, three or four
separate counting periods are involved for a mea-
surement. The beam polarization is measured
for each counting period and the arithmetic aver-
age is used in the computation of the analyzing
tensors.

RESULTS

Data were taken at 12.0, 14.0, and 17.0 MeV.
A composite graph of the data is presented in
Fig. 3. The conventional combinations —,'(A„„-A»)
(-=/3 T» in the spherical notation) and A„(=—W2

T» in the spherical notation) are plotted even
though these are not the quantities directly mea-
sured. The measured quantities, A„„and Ayy,
are given in tabular form in Tables I-III ~ The
errors quoted in the tables are statistical only.

Translation between the various representa-
tions is accomplished by use of the identity

A„„+Ay, +A„=0,
from which it follows that

1
Ax/ 2 (A» A» ) 2 Azg i/3 T» ~ T2Q

A, and A„, are related to spherical equivalents
merely by scale factors:

2
Ay ~3 zTlll

A„. =-vS r„.
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ec.m.

20
25
30
32.5
35

37.5
40
41.2
45
50

55
60
65
70
75

80
85
90
95

29.9
37.3
44.6
48.2
51.8

55.3
58.9
60.5
65.8
72.7

79.3
85.8
92.1
98.2

104.1

109.7
115.1
120.2
125.1

0.024 + 0.004
-0.003 + 0.004
-0.098 + 0.004
-0.216 + 0.006
-0.379+0.006

-0.501+0.003
-0.373+0.007
-0.235 + 0.011

0.073 + 0.007
0.159~ 0.006

0.131+ 0.005
0.063 + 0.005

-0.026 + 0.004
-0.117+0.005
-0,216 + 0.005

-0.309+ 0.005
-0.374 + 0.006
-0.398 + 0.007
-0.331+0.008

0.006 + 0.006
0.015+ 0.009

-0.026+ 0.005

-0.071+ 0.009

-0.086 + 0.013
-0.015+ 0.013

0.153+ 0.008
0.208 + 0.006

0.222+ 0.005
0.221+ 0.003
0.218+ 0.003
0.214 + 0.003
0.208 + 0.003

0.189+0.003
0.171+ 0.004
0.141+0.005
0.118+ 0.006

-0.052 + 0.006
-0.104+ 0.006
-0.178+ 0.007
-0.267 + 0.004
-0.338 + 0.005

-0.324 + 0.005
-0.153~ 0.006
-0.033 + 0.007-

0.196+0.005
0.287 + 0.004

0.322 ~ 0.003
0.352+ 0.003
0,374 + 0.003
0.391+0.003
0.398+ 0.004

0.392+ 0.003
0.357+ 0.004
0.276 + 0.005
0.144+ 0.005

0.052+ 0.006
0,150+ 0.006
0.362 ~ 0.006
0.537+ 0.004
0.814+0.003

0.971+0.003
0.638 ~ 0.004
0.363 + 0.006

-0,232+ 0.005
-0.487 + 0.005

-0.580 + 0.004
-0.620 + 0.004
-0.641 + 0.003
-0,669 + 0.004
-0.657 + 0.005

-0.644 + 0,005
-0.589 + 0.005
-0.489 + 0.006
-0.311+0.006
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TABLE II. 4He(d, d)4He analyzing powers at 14.00 MeV.

20
25
30
34
35

36
38
40
45
50

55
60
65
70
75

80
85
90
95

100

29,9
37.3
44.6
50.3
51,8

53.2
56.1
58,9
65.8
72.7

79.3
85.8
92.1
98.2

104.1

109.7
115.1
120.2
125.1
129.7

0.000 + 0.003
-0.040+ 0.004
-0.202 + 0.005
-0.587 + 0 ~ 006

-0.811+ 0.006
-0.838+ 0.006
-0.621 + 0.007
-0.101+0.006

0.072 ~ 0.005

0.102 + 0.004
0.065 + 0.004

-0.010+ 0.004
-0.109+ 0, 004
-0.208 + 0.004

-0.304+ 0.005
-0,375 + 0.005
-0.387+ 0.006
-0.350 ~ 0.007
-0.185 + 0.010

0.015+ 0.003
0.025 + 0.003
0.002 + 0.004

-0.092 + 0.006

-0.089+ 0.007
0.111+0.005
0.194& 0,004

0.239+ 0.004
0.252+ 0.004
0.249 + 0.004
0.250 + 0.004
0,228 + 0.004

0.206+ 0.004
0.168+ 0.005
0.144 + 0.005
0.136+0.006
0.094+ 0.005

-0.057 + 0.006
-0.111+ 0.006
-0.181+ 0.008
-0.264 + 0.010

-0.262 + 0.012
—0.152+ 0.013
-0.022 + 0.012

0.144 + 0.009
0.228 + 0.007

0.278 + 0.006
0.328+ 0.006
0,375+ 0.006
0.392 + 0.006
0.410 + 0.006

0.382+ 0.007
0.380 + 0.008
0,283 + 0.010
0.160+ 0.012

-0.051+ 0.015

0.063 + 0.006
0.125+ 0.006
0.325 + 0.008
0.592+ 0.007

0.727 + 0.008
0.620+ 0.010
0.351+ O.DIO

-0.158+ 0.010
-0.351+ 0.008

-0.493+ 0.008
-0.543+ 0.007
-0.614+ 0.007
-0.636+ 0.008
-0.658+ 0.008

-0.648+ 0,009
-0,632 + 0.011
-0.553 + 0.012
—0,373+0.014
-0.122+ 0.015

eluded in the tables. )
SPin angle uncertainty. For the data quoted,

where either P=45'or P=90'was used, the re-
sults are independent of first-order spin mis-
alignment, so this uncertainty is not important

in the present case.
Beam Position stability. Because of the small

geometry employed, this is probably the most
serious limitation of the present experiment. The
effects of beam wander are erratic and can only

TABLE III. 4He(d, d)4He analyzing powers at 17.00 MeV.

A

20
25
30
33.5
35

36,5
40
45
50
55

60
65
70
75
80

85
90
95

100
105

110
115

29.9
37.3
44.6
49.6
51.8

53.9
58.9
65.9
72.7
79,4

85.8
92.1
98.2

104.1
109.7

115.1
120.2
125.1
129.7
134.1

138.2
142.1

-0.048 + 0.006
-0.091+ 0.005
-0.287+ 0.006
-0.543 + 0.005
-0.623 + 0.005

-0.620 + 0.005
—0.481 + 0.005
-0.155+ 0.006

0.011+ 0.007
0.079 + 0.005

0.086 + 0.005
0.009+ 0.005

—0.074 + 0.005
-0.166+ 0,006
—0.268 + 0.006

—0.367 + 0.006
-0.410+ 0.005
-0.362 + 0.007
-0.179+ 0.009

0.078 + 0.011

0.406 + 0.010
0,606 + 0.009

0.025+ 0.009
0.065 + 0.009
0,029+ 0.009

-0.091+0.009

-0.097+ 0.008
0.056+ 0.010
0.208 + 0.009
0.273 + 0.009

0.300 + 0.008
0.294 + 0.008
0.272+ 0,008
0.239 + 0.009
0.211+ 0.010

0.214+ 0.013
0.169+0.009
0.150 + 0.011
0,133+0,014
0.088 + 0.017

0.112+0.015
0.064 + 0.016

-0.147 + 0.009
-0.166 + 0.008
-0.174 j= 0.008
—0.116+ 0.008
-0.062+ 0.008

-0.011+0,008
0.099+ 0.008
0.116+ 0.009
0.157+ 0,008
0.217 + 0.008

0.289 + 0.007
0.347 + 0.007
0.378 + 0.007
0.396 + 0.008
0.388 + 0.009

0.342+ 0.010
0.272 + 0.009
0.144+ 0.011

-0.067 + 0.014
-0.258+ 0.016

-0.413+0.016
—0.533+ 0.015

0.030+ 0.008
0.128+ 0.007
0.219+ 0.007
0.233 + 0.007
0.207 + 0.007

0.153+ 0.008
0.015 + 0.008

-0.094+ 0.009
-0.207 + 0.009
—0.337 + 0.009

-0.423 + 0.009
-0.514 + 0.009
-0.581+ 0.009
-0.604 + 0.010
-0.618+0.012

-0.605 + 0.013
-0.550+ 0.011
-0.398 ~ 0.013
—0.172+ 0.014

0.081 + 0.015

0.320 + 0.013
0.438+ 0.012
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be estimated from the scatter of the data.
Uncertainty in the beam Polarization. This was

previously discussed.
Taking these effects together, the accuracy of

the experiment is considered to be limited by the

largest of the following:
(1) +0.01 for A, , A», and A„and +0.02 for A„„
(2) + quoted statistics;
(&) +2% of the analyzing tensor value.
Effects 1 and 2 are of the nature of random fluctua-
tions, while effect 3 is primarily a scale error,
as previously discussed.

The value of A» at 12 MeV, 37' is particularly
interesting in that it appears to be approaching
a maximum possible value. This observation
stimulated us to map the value of A» over this
region rather extensively. The results are given
in Table IV. The maximum value is in the range
11.6-12.2 MeV and at an indicated angle between
37.1 and 37.4'. The quality of the present data
is not sufficient to fix the point at which the maxi-
mum occurs more accurately.

Our motivation for a search for an A» ——1 point
arose from the proof of an existence theorem for
an A, =1 point in P-'He elastic scattering, "and
our recognition that a similar proof could be made
in the present case, as follows. The scattering
matrix M for scattering of a spin-1 projectile by
a spinless target has the form

CE)
M=I-D BD [,

kE -CAi'
where the spins of both the incident and outgoing
spin-1 particles are described in the projectile
helicity frame (i.e., in a frame with z axis along
the projectile direction of motion, k-,„xk;„,). (Time
reversal invariance can be used to reduce the
five elements to four, but this is not necessary
for the present arguments. ) The analyzing tensor
A.» is given by

TrM(P»M ~

TrMM ~

where

TABLE IV. 4He(d, d)4He analyzing power,

Deuteron
energy
(MeV)

11.6
11.6
11.6
11.8
11,8
11.8

12.0
12.0
12.0
12,0
12.0

12.2
12.2
12.2
12.2
12.2
12.2
12.2

12.7
12.7
12.7

13.0
13.0
13,0
13.0
13.0

36.5
37.5
38.5

36.5
37.5
38.5

35.5
36.5
37,5
38,5
39.5

35.5
36.5
37.3
37.5
37.7
38.5
39.5

36.0
37.0
38.0

35.0
36.0
37.0
38.0
40.0

0.941+ 0.020
1.011+0.020
0.916+0.025

0.978+ 0.020
1.011+ 0.020
0.920+ 0.025

0.702 + 0.025
0.988 + 0.020
1,015+ 0.021
0.932+ 0.024
0.737+ 0.031

0.880+ 0.021
0,972+ 0,021
0.983+ 0.015
0.996+ 0,022
0.986 + 0.015
0.926 + 0.026
0.738 + 0.027

0.937 + 0.005
0.968 + 0.005
0.894+ 0.006

0.673 + 0.006
0.889+ 0.005
0.899+ 0.006
0.835 + 0.006
0.488 + 0.010

Suppose that the closed contour so defined ex-
cludes the point E/A =-1. Then suppose that a
similar analysis of data at the energy E, produces
a contour which includes the point E/A = -1. It
then follows from continuity that, at some energy
between E, and E2, E/A =—-1 and hence A» ——1.
The experimentalist's problem then is to locate
the maximum value rather than to prove that it is
unity —an experimental problem at least an order
of magnitude simpler. One assumes in the above
argument that the phase shifts are at least ap-
proximately correct, but they need not be. accu-
rately known. Polarization transfer data" is thus

-1 0 -3
d„=sS,S, -2I-=-,'i 0 2 0 ~;

(-2 0 -1f
8, is one of the standard spin-1 angular momentum
matrices. Trivial algebraic manipulation then
shows that A» =1 if and only if A. =-E. If one per-
forms a phase-shift analysis of the available data
at a given energy E„one may plot the calculated
quantity E/A in the complex plane, with the cen-
ter-of-mass scattering angle as a parameter.

14.0
14.0
14.0
14.0
14.0

17.0
17.0
17.0
17.0

17.5
17.5

34.0
36.0
38.0
40.0
42.0

33.5
35.0
36.5
40.0

35.0
36.0

0.592 + 0.007
0.727 + 0.008
0,620 + 0.010
0.351+0.010
0.041 + 0.011

0.233+ 0.007
0.207 + 0.007
0.153+ 0.008
0.015+ 0.008

0.147 + 0.012
0.089+ 0.012
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of interest in proving that one is indeed in the
right region of parameter space. The matter of
determining whether or not the correct solution
hns been found is discussed further in Ref. 18.

The extremely large values of A., near 14 MeV,
37', is also of interest as a calibration value. A

search of this angular vicinity with 13.5- and 14.5-
MeV deuteron-beam energies revealed that a local
minimum occurs near 14 MeV. It should be noted
in this connection that no finite geometry correc-
tion has been applied to the data of Tables I-IV,
and that corrections as large as 0.01 at the sharp
minimum in A., at 14 MeV are indicated by com-
parison of data taken with 1' and with 2' FWHM
angular resolution.

Comparison of the present data with a smooth
extrapolation of the 3-11.5-MeV data of Refs.
2-4 gives reasonable agreement. However, the
measurements of "P" (= ——,'A, ), "Q" (-=--,'A„),
and "A" (=———,'A„„)ot Ref. 6 appear inconsistent
with the trends indicated by the present data. The
parameters Q and R, in particular, disagree with

an extrapolation of the present data by as much
as a factor of 2.

CONCLUSION

Very large polarization effects prevail in d-'He
elastic scattering up to 17 MeV. However, at
17 MeV there is evidence that "washing out" of
the polarization effects may be beginning to occur.
The point at 12 MeV, 37', appears to be useful
for absolute polarization monitoring of the second-
rank polarization of a deuteron beam, while the
point at 14 MeV, 37' appears to be excellent for
relative vector polarization monitoring of a deu-
teron beam.
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