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ABSTRACT

Two kinds of measurements of the spin correlation parameters at 90°c.x, for the
50 MeV proton-proton scattering have been performed. For the first step, the spin
correlation parameters Crp (90°c.x.) and Crwx (90°c.x) at 52 MeV have been obtained
by means of double scattering method, where the carbon polarimeter having nearly
409 analyzing power was used as a polarization analyzer. For the second step,
the spin correlation parameters Axx (90°c.x.) and Ayy (90°c.) at 47.5 MeV have been
measured by using polarized beam and polarized target, where the nearly 509
polarized protons were provided by p-Ca elastic scattering and the meanly 359,
polarized hydrogen target was constructed by means of dynamic polarization method.
The incident proton spins were frequently flipped by a spin rotation solenoid and some-
times the target spins were inverted. Then, Axx and Ayy were simultaneously
measured by two pairs of detecting systems. The obtained results are as follows;
Cgp (90°.m.; 52 MeV)=0.134-0.11, Cxn(90°%.: 52 MeV)=—0.03440.095, Axx
(90°c.n.: 47.5 MeV)=—0.71340.032 and Ayy (90°.x.: 47.5 MeV)=—0.2874-0.039,
and also Ayy/Axx (90°c.1.: 47.5 MeV)=0.40240.057.
These results are compared with the phase shift analyses and the potential model in
the medium energy region.

1. Introduction

To study the nucleon-nucleon interactions from the meson theoretical view point,
especially to make clear the mechanism of the exchange of pions or bosons, the experimental
investigations in the intermediate energy region (20~100 MeV) would be very advantageous,
because in the higher energy region, many complicated phenomena will happen due to the
effects of the inner structure of nucleon and hinder the simple phenomena to understand?.
Therefore, very important informations would be obtainable from the proton-proton scat-
tering at 50 MeV energy region, where such a dynamical effect as spin-orbit interaction
plays an important role in addition to the static interactions of one pion exchange.

On the above basic standpoint, the Japanese experimental group for nuclear force study
has proceeded the systematic measurements of the proton-proton scattering at 50 MeV by
using the synchrocyclotron at INS, Tokyo. As one of the main projects on the above
systematic investigations, we have measured the spin correlation parameters based on the
two kinds of experimental methods in order to confirm the strength of the spin-orbit in-
teraction in the intermediate energy region, and to make clear the origin of such dynamical
effects. :
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The results have been already published in the short reports?’, and this paper is the
experimental full report concerning to the measurements of the spin correlation parameters
at 50 MeV.

2. Spin correlation parameters and nucleon-nucleon interaction in intermediate energy region

2-1. Scattering matrix and types of experiments
In the case of the nucleon-nucleon interaction, the scattering amplitude depends on
the spin states of the two nucleons. Therefore, the scattering is described by a matrix in
spin space® defined as
M=a+b (V- N—¢? :N)+c(gV+N+a?-N)
+m gV Ng? N+g (g Pg?® -P+gV-Kg?@K)
+h(gV-Pg@®.-P~c¢V K ¢?K) 6y
on the basis of the assumptions of space rotation invariance, space reflection invariance and

time reversal invariance, where g and ¢@ are the Pauli spin matrices of the two nucleons
and P, K and N are the orthogonal unit vectors defined as

itk
P kitky|
kr—ki
K=——n )
|kr—ki|
ki xky
d =L
d - N= 1|

here k; and k, are the incoming and outgoing momenta in the C. M. system.

The term 4 in Eq. (1) vanishes for the proton-proton scattering. Thus, we have to
determine the complex coefficients a, ¢, m, g and / through the many types of experiments.
Of course, all of the coefficients are not mutually independent because of the relationships
based on the unitarity of the scattering matrix. Furthermore, these coefficients can be
expressed in terms of the M matrix elements, which also can be represented in terms of
phase shifts.

There are many possibilities of the experiments for the nucleon-nucleon scattering,
since with the spin dependence the nucleons can be polarized in three directions, one along
and two normal to the direction of motion as well as unpolarized. A basic form representing
the relation between initial and final polarization states for the two nucleon scattering is
given as®

1 16
I <St>p= TZ<S”>: Tr (MS*. M*S¥) , (3)
pu=l
where
Tr(Mo, M+ 116
I= Wr( o: ) =SS Tr(MS*M™) @
Tr p; 4 v=1

is the differential cross section, p; is the 4 X4 spin density matrix for the initial system and
<8>’s are the expectation values of the spin operators S’s. Hence, the spin state of the
two nucleon system is specified by the expectation values of the 16 independent matrices
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so that there are altogether 162(=256) different experiments possible corresponding to the
initial and final spin states. These experiments are different experimentally, but some of
them are identical to each other because of many theoretical relations; for example, half
of the 256 observables vanish identically under the time reversal invariance, one case of
which is the relation of the spin correlation parameters Cwyy and A,, in the present ex-
periment, i.e. Cyn=A,, as described in later.

These observables can be expressed in terms of the coefficients a, ¢, m, g and /4 in the
M matrix. Academically it is called complete experiment proposed firstly by Puzikov
et al.» that at least five different experiments are needed in order to determine the M matrix
or the complex coefficients a, ¢, m, ¢ and h for the proton-proton scattering, where the
measurements have to be carried out at all angles and in infinite accuracy, which are un-
practical. Therefore, instead of determining the M matrix directly from the experimental
data, usually the phase shift analyses are attempted to search the most probable set of
phase shifts on the basis of some kinds of experimental data.

2-2. Spin correlation parameters

The spin correlation parameters are defined as the types of experiments that the final
two Pauli spin matrices or the initial ones are concerned. The spin correlation parameters
Cyp, etc. are the case of the former, in which an unpolarized beam is scattered from an
unpolarized target and the polarizations of the scattered and recoiled nucleons <g V.
Jﬂ(2)> s are measured. On the otherhand, the A,., etc. are the case of the latter, in which
the cross section is measured for the scattering of a polarized beam and a polarized target
<0,V 0> which are the time-reversed counterparts of the former. Some useful
equations related to the experimental method are given as follows.

From Eqgs. (3) and (4) for the simultaneous measurements on the polarizations of
both scattered and recoiled nucleons for the scattering of unpolarized beam and unpolarized
target, we have the spin correlation parameters CmS defined as

1
I, Cp=1y<0, 'V (7‘9(2)>_/‘=Z‘ Tr (MM* ¢,V 0,?) , %)
where a, =P, K, N, as used in Eq. (3), and
1
IO=—Z— Tr (MM *) (6)

is the differential cross section in the common use; unpolarized beam and unpolarized
target and no attention paid to final polarizations.

The nine measurements are possible conceptually. However, due to the form of the
M matrix, only the four spin correlation parameters Cyw, Cpp, Cxx and Cyp=Cpy are
non-zero, which are illustrated schematically in Fig. 1.

Fig. 1. Schematic representation of triple scattering spin correlation experiments.
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The polarization analyzers for the scattered and recoiled nucleons are needed in the ex-
periments, and moreover a spin rotator is necessary for the measurements of Cpp and Cky.

On the otherhand, the differential cross section I, o for the scattering of a polarized beam
and a polarized target is given from Egs. (3) and (4) as

1 1
1, =7 Tr(MM*)-;-T Tr (Mo, 0 M*) <¢, V>,
1
+T Tr (Mo, M*)<p, P>

1
_{_2__ Tr (Mo'a(l) 0-19(2) M+) <0a(1)>1 <(fﬂ(2)>i . (7)

Here, the first term is the same I as Eq. (6), and the second and the third are the polarizations
for the scattered and recoiled particles, respectively, that is

1
I, P=1I, <o',,‘1>>f=T Tr (MM* ¢,1) . ®

The tensor A4, is defined as

1

IOA d.3=T Tr (Mo-a(l) O-ﬂ(Z)M‘*‘) <o'a(l)>i <0-ﬂ(2)>i s (9)

which is also called the spin correlation parameter. Then, Eq. (7) is written as
Ly=Iy {14+P(0,, <0, V>i408,,<0,2>
+ A, <OV > <02 >0}, (10)

where ¢, and d,, are the Kronecker’s delta. Here, the subscripts « and 3 are related to
the unit vectors (x, y, z), where z is along the motion of the incident polarized nucleons,
y is normal to the scattering plane and x=yXxz. The spin correlation parameters Axx,
etc. are shown in Fig, 2.

Ayy ' Axx

J - ﬁ_éi/'
z Azx d

Az

Fig. 2. Spin correlation parameters defined in the scattering of polarized beam by polarized
target.

Experimentally, instead of the [, the so called asymmetry (¢) of the spins parallel
(N™) and antiparallel scattering (N %) may be measured, that is

: ) NU_-NHN
(¢3] 2) = S —
Aaﬂ Pa Pﬁ _eaﬁ NTT+N1L (1 1)

for 90°¢ u, scattering (P=0 in Eq. (10)), where P,V and P,» are the initial polarizations
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of the beam and target, respectively.
There are the following relations between C,, and 4, under the time reversal in-
variance:

Ayy=CNN

A,,=sin @ CKP+COSZ—% Cpp-%—sinz-g- Cxx »

. .0 17}
Axx=—sin @ Cxpr —!—sm27 Cpp +c0527 Cxxk (12)

and

1,
Azx=—‘“COS [7] CKP+—2— sin @ (CPP—CKK) N

where § is the observed angle in C.M. system.
The spin correlation parameters for the proton-proton scattering can be expressed
in terms of the M matrix elements as

1
Io(1—A3)=Io(1 = Cr)=— | Mss |2 , 13)
L1+ Ax)=|My,|? , (14)
Io(Ayy"Axx)=|M01|2 s as
I()CKP= zsinﬁ (|M01]2“‘|M10!2) (16)
and
! 2 1 2 1 2
IQ=TIMSS| +—2—|M10f +§“]Mo1[ . an

By using Eqgs. (14), (15) and (16), we obtain the relations between Cygr and A, as
1
Ayx = (Cyy—2sin § Cgp—1) . (18)

These matrix elements for S0 MeV proton-proton scattering can be expressed approximately
in terms of phase shifts taken into account up to G-wave as follows;

2
| Mss [P {1—cos 25('S9)—50(1D? sin 23('Sy)

2
+-=1 501Gy sin 26(150)—%7 sin 26(1S,) 19

2 — 3
| My 2 = [{5(31’0)—6(31”2)} —V 6 &= 5 {0CF)—3CF)}

y
+ ‘25 e4]2 20)

1 1
| Moy P [3 {8GP)=0CPY}+2y/§ &= o {T8CF)—150CF)
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3
> m]z @1

+80(F)} —

where k is the wave number of the incident proton and v is the velocity of the incoming proton
in Lab. system. As shown in Egs. (14) and (15), (1+A4s:) and (A4,,—Axx) are strongly
sensitive to {§(Pg)—0(P)} and {5(3P,)—0(P,y)}, respectively. Therefore, 4,,(=Cwy),
Axx and Cxp seem to be very effective observables to determine the p-wave splitting, which
is very sensitive parameters to estimate the strength of the spin-orbit force as introduced
by Gammel and Thaler®.

2-3. Nucleon-nucleon interactions at 50 MeV energy region.

The Japanese theoretical study group for nuclear force has succeeded in understanding
the mechanism of one pion exchange quantitatively in the outer region of nucleon(r > 1.5471:
which is called the static region, where #~! is the pion Compton wave length?.?”’, For
the next step on the basis of the meson theory, they have undertaken to investigate the
nucleon-nucleon interactions in the inner region (1.547'>r>0.74"1) which is called the
dynamical region!’, where such non-static effects as spin-orbit force would play an important
role in addition to the static interactions of one pion exchange?.

On the other hand, it was attempted to derive the phenomenological potentials from
the 310 MeV proton-proton scattering data performed at Berkely®. Gammel and Thaler®
have firstly proposed the one including a strong spin-orbit potential, and later by Hamada
and Johnston® a more general potentis! including quadrutic spin-orbit term as well as spin-
orbit term has been derived to represent the two-nucleon scattering data below 310 MeV,
which is called the HJ-potential, and seems to be the most probable phenomenological
potential at present. However, such a large spin-orbit interaction as the phenomenological
potentials were not to be expected from the static potentials based upon the one and two
pion exchange. Therefore, it was the main purpose for the Japanese school to make clear
the origin of the spin-orbit force in the dynamical region from the meson theoretical view
point10®.

In order to do so, it seemed to be more desirable to study the nucleon-nucleon interactions
at medium energy region (20~100 MeV) than at such a higher energy region as 310 MeV,
since as the energy is higher, such an innermost effect as a hard core structure contributes
so complicatedly that the simple mechanism to be treated would be hindered. By considering
the energy dependence of the differences in terms of phase shifts between the static potential
based on one pion exchange and the non-static potentials with spin-orbit terms, the P-wave
splitting at 50 MeV energy region would be very sensitive to the competition between the
tensor type interaction and the spin-orbit type one!?. In addition, from Egs. (13) and (21)
in the previous section, the spin correlation parameters at 50 MeV energy region are the
effective observables to determine the p-wave splitting. The cross sections and the po-
larizations are not so sensitive to such non-static effects. At 50 MeV energy region Ckp >0
is expected from the Gammel-Thaler potential where |My;|2 > M;o|?~0, on the other,
Cxr~0 is expected from the static potential where | My |2~|M,o|2.!  So, theoretically,
the spin correlation parameters were considered to be very useful ones to estimate the strength
of the spin-orbit force and to make clear the origin of such dynamical effects at medium
energy region.

On the other hand, experimentally, by using the INS, Tokyo, synchrocyclotron, we could
obtain the high intense 50 MeV proton beam which were distributed uniformly in time by
means of the debunched extraction method!®’. Therefore, that machine was very suitable
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for such a coincidence experiment as a spin correlation parameter measurement. Moreover,
a carbon polarimeter was found to have a possible polarization analyzing power!2.

From the above considerations, for the first step, the measurements of the spin correla-
tion parameters Cxp (90° 4) and Cwy (90°¢ ) at 50 MeV were performed by means
of unpolarized beam and unpolarized target?’. The phase shift analysis was attempted by
Hoshizaki et al.!® by using the Cxp and Cyy data as well as the differential cross sections
which had been measured previously at INS14, According to the results!®, especially
the 3P, phase shift at 50 MeV was somewhat higher than that expected from the Hamada-
Johnston potential, which suggested that the spin-orbit force at 50 MeV would be not so
strong as the one expected from the phenomenological potential like the Hamada-Johnston
potential deduced from the higher energy experimental data.

In parallel to our experiments, the measurements of the polarization! and the different
triple scattering parameters, i.e. the depolarization (D)!®, the A-parameter (4)!7’ and the
rotation parameter (R)!7 at 50 MeV have been performed at Rutherford Laboratory.
There happened to be some different sets in the phase shift analyses according to which data
were taken into account at 50 MeV1®.13  that is to say, when cross sections, P, Cxp,
Cwyw and D were used, the §(3P;) were given at 14°~15°, but when instead of the Cgp,
Cwyx and D, A and R were contained, then the §(3P;) were set 11°~12°, which was con-
sistent with HJ-potential. These facts suggest that there are somewhat inconsistency
existed among the experimental data and the proton-proton interactions at 50 MeV energy
region have been not yet confirmed experimentally. According to the remeasurement of
the differential cross sections by Sanada et al.1® at 50 MeV, it has been obtained that the
0(3Py) is nearly the same as the HJ/-potential!®. More experimental studies were desirable
at this energy region to remove the ambiguities discussed above and to construct the nucleon-
nucleon interactions quantitatively.

It takes too long time to measure the Cgpr and Cuyy values in good statistics (a few
percent) by means of unpolarized beam and unpolarized target and it will be difficult to
remove the systematic errors completely in those measurements.

In the case of using polarized beam and polarized target, the spin correlation parameters
A, can be obtained by only a single scattering process, and effective measurements are
possible to overcome some difficulties in the unpolarized case. Then, without polarized
ion sources, the polarized beam can be prepared by p-Ca elastic scattering at forward angles,
which has been obtained at Rutherford Laboratory29,

Therefore, for the second step, we have developed the polarized hydrogen target based
on so-called dynamic polarization method, and performed the measurements of the spin
correlation parameters A, and 4,, at 90°¢ ,_ for the 47.5 MecV proton-proton scattering
by means of polarized beam and polarized target.

3. Measurement of Cxp and Cyy by means of unpolarized beam and unpolarized target.

3-1. Experimental method

As described in the previous section, the spin correlation parameter C,; is obtained
by the simultaneous measurement on the polarizations of the scattered and the recoiled
nucleons produced by unpolarized beam and unpolarized target scattering.

For the first step, we have measured the spin correlation parameters Cyxr and Cynx
at 90°  for the 52 MeV proton-proton scattering by using the 53 MeV proton beam
from the INS, Tokyo Synchrocyclotron. The experimental arrangement is shown in Fig. 3.

The 53 MeV unpolarized proton beam bombarded the 150 mg/cm thick polyethylene



200 T. HASEGAWA

Fig. 3. Plan view of experimental arrangement for the Cyx measurement. For the
Ckr, the polarimeters of both sides are positioned vertically.

target which had been moved automatically not to be melted away by the beam irradiation.
The proton energy at the center of the polyethylene target was estimated 52.3 MeV by
considering the energy loss. In order to reject the background counts as many as possible,
both scattered and recoiled protons to 44.6°4-2° Lab. in horizontal plane were focussed
onto the polarization analyzers by the quadrupole magnets, which currents were adjusted
in such a way that only the required protons were effectively focussed and the minimum
focussing images were obtained.

The proton-carbon elastic scattering at 40°,,5, was chosen as the polarization analyzer
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Fig. 4. Electronic block-diagram for the Cxp or Cxx measurement.
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which analyzing power was estimated 0.394-0.03 from the previous measurement!? of the
polarization of p-C scattering under the same geometrical conditions, that is, the 270 mg/cm?
thick graphite plates as the second targets and the solid angles of 0.15 steradians were used.
Four plastic scintilation counters with 68104 photomultipliers were placed on the rotating
stands which were adjusted in vertical plane or horizontal one corresponding to the Cyp
or Cyy measurement, respectively. The protons doubly scattered simultaneously from
both left and right polarimeters were detected in coincidence within 2r=20 nsec resolving
time. The electronic brockdiagram is shown in Fig. 4.

Such four kinds of coincidence counts as UU, DD, UD and DU for the Cx, measurement
and LL, RR, LR and RL for the Cyy one were measured together with the 100 nsec delayed
coincidence counts from which the random coincidence counts were estimated, where UU
is the number of coincidence counts between the upside detector of the lefthand polarimeter
and the upside one of the righthand polarimeter, etc.. Then, the so-called asymmetries
wer obtained by taking the geometric means as

v UU.DD —+~UD.DU
CKPPL-PREEKP= (22)
v UU.DD ++/UD.DU

and

\/LL-RR —+/LR.RL
CavPrLePr=eyn= (23)
vLL.RR T +/LR.RL

Here, P; and Pr are the analyzing powers of the carbon polarimeters of both sides. The
detector positions were exchanged by rotating the analyzers along the axes as frequently as
possible in order to eliminate the geometrical asymmetries of the detecting systems.

3-2. Experimental results

The measurements of Cxp and Cyx have been performed in two steps at an interval
of one year, i.e. in the first, only the Cxp has been measured, and in the second, both the
Cyy and Cgp have been done. The latter results for the Cxr was consistent with the
former one within the statistical errors, so the final Cxp value was deduced by taking the
weighted mean between the two measurements.

By using the Egs. (22) and (23), the final results of the Cxp and Cyy at 52 MeV are
obtained as follows,

Cxp(90°¢ 4, 52 MeV)=0.1340.11
and
Cnn(90°¢ j., 52 MeV)=—0.0344-0.095,

where the indicated errors are the statistical ones only and (P« Pz)=(0.39)2=0.152 are used.

In order to estimate the systematic errors which were caused by the misalignment of
the apparatus and the finite geometrical effects in the experimental conditions, the individual
asymmetries for the four cases corresponding to the four counters (I, II, III, IV) being (LU,
LD, RU, RD), (LU, LD, RD, RU), (LD, LU, RD, RU) and (LD, LU, RU, RD) for the Cxp,
(LL,LR, RL, RR), (LL, LR, RR, RL), (LR, LL, RR, RL) and (LR, LL, RL, RR) for the Cyu,
were compared each other. Then, the all asymmetries agreed within the statistical errors,
which meant that the systematic errors were considered to be less than the statistical one.
Of course, if they were, the main part of them were expected to be eliminated by exchanging
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the detector positions as described above by rotating the polarimeters.
For comparison with 4., experiment, the obtained Ckp value which is the only one
measurement in this energy region is transformed to the 4., by using the relations of Eq. (18)

1
as well as the Cyy value, that is, at 90°¢ », Axx=5~ (Can—2Ckp—1) =—0.64740.120 is

obtained.

4, Measurement of 4, and 4,, by means of polarized beam and polarized target.

4-1. General description

For the scattering of polarized beam and polarized target, the spin correlation parameter
Aa'9 is determined by measuring the asymmetry of the scattering yields corresponding to the
incident and target proton spins being parallel and antiparallel. This measurement based
on a single scattering is undoubtedly moreadvantageous than that based on double scattering
process in order to make the statistical errors smaller and smaller effectively and to reduce
the existing systematical errors as far as possible. For the second step, we have developed
the polarized proton target and measured simultaneously the spin correlation parameters
Axx and A,, at 90°¢ 5 for the 47.5 MeV proton-proton scattering by means of polarized
beam and polarized target. The experimental arrangement is shown schematically in
Fig. 5.

Beam
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Selenoid Polarized [%)
Target Ayy

Counter

Fig. 5. Schematical representation of experimental method for the simultaneous measure-
ment of the spin correlation parameters Axx and Ayy.

The polarized protons were prepared by the p-40Ca elastic scattering.  The elastically
scattered protons which were polarized normal to the scattering plane were passed through
a solenoid coil which had rotated the spins £90° and led to the polarized target after being
focussed by a quadrupole magnetic lense system. The polarized hydrogen target was con-
structed by means of dynamical method. As the target was polarized horizontally, the in-
cident spins and the target ones were parallel or antiparallel in the horizontal plane. Then,
the spin correlation parameters A.x and A,, were obtained by measuring the scattering
asymmetries at 45°;,, in the horizontal plane and in the vertical one, respectively.

To perform the experiment, both incident beam polarization and target one had to be
determined precisely. However, it was difficult to measure the target polarization precisely
in our method discussed later, so we have obtained the spin correlation parameters by
normalizing to the ones at 26.5 MeV measured by Saclay Group??, that is, the measure-
ment of the asymmetries at 26.5 MeV as well as at 47.5 MeV have been alternatively made,
and by comparing them with the Saclay data, the product (P;. P,) of the beam polarization
(P,) and the target one (P,) was determined. Thus, 4., and A4,, were obtained by the
relations as follows,
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€xxyyy (26.5 MeV: Present)

P.P)= )
®-P Arvrpn (265 MeV: Saclay) @4
and
Cxx 47.5 MeV xx .5 MeV
AxX(yy) (475 MCV) =~C S68) ( € ) _ e (¢4 (47 5 € ) .
’ (Py-Py) Exx vy, (26.5 MeV)
Asxpy, (26.5 MeV: Saclay) ©25)

where e is the asymmetry of the spin parallel scattering (N1 and the antiparallel one (N %),
that is

NU—NU
= NTENT

The detailed descriptions concerned to the polarized beam, the polarized target and
the detecting systems are given in the following sections.

4-2. Polarized beam

The 53.7 MeV proton beam exiracted from the 180cm synchrocyclotron at INS, Tokyo,
bombarded the 3 mm thick Ca-target which was made by rolling the natural calcium
metal and kept airtight by 1 um nickel foil. The protons elastically scattered t0 6.0 =
36.5°+1.5° were polarized 509, normal to the scattering plane, which was checked by
double scattering method under the same geometrical conditions.

The scattered protons were passed through the 160 cm length solenoid coil to rotate
the spins to £90° in the plane normal to the moving direction. After passing through the
solenoid, the protons were focussed onto the polarized target by two pairs of quadrupole
magnets. In order to obtain the optimum image and not to be shifted its position by chang-
ing the current and the polarity of the solenoid and the quadrupole magnets, the setting of
them and the adjusting the current were performed by looking the image and the energy
spectra at target position by using X-ray films and a scintilation counter, respectively.

The plan view of experimental arrangement is shown in Fig. 6.
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Fig. 6. Plan view of experimental arrangement for the Axx and Ayy measurement.

The proton energy at the polarized target center was estimated 47.5 MeV+4-2.3 MeV
by considering the kinemtics and the energy loss in the Ca target and the polarized target
system.

4-3. Polarized proton target

The polarized proton target used in the present experiment was constructed by means
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of dynamic polarization method developed firstly by Abragam et al. and Jeffries et al. in-
dependently.22 The protons in the so-called LMN crystal (La, (1 %Nd3*) Mg;(NO3);,.
24 H,0) were polarized through the magnetic dipole interaction between protons and
electrons existed excessively in the paramagnetic ions by saturating the partially forbidden
trasitions of electron spin resonance under the strong magnetic field and in the low tem-
perature. Fig. 7 shows the energy levels of an electron spin loosely coupled to a nucleus
of spin 1/2 in the two kinds of magnetic field. The population distributions are also shown
on the right side of the figure, where the population (4) is in the case of the thermal equi-
librium.
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Fig. 7. Separated energy levels of the dipole interaction between electron spins and proton
ones in two kinds of magnetic fields. ¢, and ¢, are forbidden transition, and #; and ¢,
are allowed one. Populations in four cases are also shown in kT unit.

Now, saturation of the forbidden transition ¢#; by the micro wave power supply leads to the
population (B) which corresponds to the positive polarization. The polarization may be
reversed by changing the magnetic field slightly and saturating the another forbidden tran-
sition #,, that is the case (C). Thus, polarized target system consists of a strong magnetic
field, an electron spin resonance system with micro wave power supply, a nuclear magnetic
resonance system detecting the target polarization, a cooling system to cool down the LMN
crystal, and a target part allowing the proton transit.

The 18,600 Oe magnetic field was prepared by the magnet with the pole area 14 cm in
diameter and the 5 cm pole gap and guranteed the field stability of 2 X 10-5 and the field
homogeneity of 3x10-5 at the target area.

The 70 GH. micro wave power was used corresponding to the magnetic field. About
the 100 mW power was generated by the Varian VC104K klystron and sent to the cavity
through the Cu-Ni wave guide and the tapered guide. The LMN crystal was mounted in
the ditch inside the cavity by the paste Kel-F with no hydrogen.

The vertical type cryostat as shown in Fig. 8 with a liquid helium container and a cooling
room was constructed. The detailes of the cryostat are described in another publication?3,
As shown in Fig. 8, the cooling room were inclined about 15° from the vertical by considering
the 50 MeV proton beam trajectory in the magnetic field.

The flow of liquid helium from the container was controlled by two needle values before
and after passing through the heat exchanger and was spouted upon the LMN crystal from
the hole on the inner wall of the cavity. The evapolated helium gas in the cavity was pumped
out through the 5 yum cupper foil having many holes of 0.5 mm in diameter to the recovering
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Magnet Pole. Piece,

Fig. 8. Vertical type cryostat for polarized proton target used in present experiment.
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Fig. 9. Horizontal and vertical cross sections of polarized target and detecting system in

the magnet.
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system by a 24000 1/min. mechanical booster pump and a 3000 1/min. rotary pump through
an 8” vacuum duct. In such a way the temperature at the vicinity of the LMN crystal has
reached to 1.2°K with 100 mW micro wave power supply.

Fig. 9 shows the details of the target part. The 1 mm thick and 10X 10 mm? LMN
crystal was used.

The magnet was placed so that the bended beam might be passed through it’s center.
The beam path in the magnetic field was ascertained by using the X-ray films which were
put at some positions in the pole gap. The cryostat was set carefully at the center of the
pole gap by means of the adjustable stand. The position-adjustable pin made from teflon
was installed at the tip of the cryostat in order to connect the contraction due to cooling.

The target polarization was estimated by detecting the enhanced NMR signals, which
were compared with the ones at thermal equilibrium. The static polarization P, at thermal
equilibrium under the temperature (7)) and the magnetic field (H) is expressed as

gnpBH H
Py=22"" 107 2
0= okT T (26)

and the enhanced polarization P is expressed as
P=¢ Py, ’ 27

where ¢ is called the enhancement factor, and gy and § represent the g-factor of proton
and Bohr magneton, respectively.

However, the NMR signals at thermal equilibrium was very small and the signal to
noise ratio was poor, so it was difficult to detect the target polarization precisely from the
NMR signals only. Therefore, in the present experiment the product (P, P,) of the beam
polarization (P;) and the target one (P,) was obtained by measuring the asymmetries at
26.5 MeV and by comparing them with the A.. (90°c ) and A,, (90°c ») values
which had been measured precisely by Saclay group in 19672V, A 6 mm thick Al-plate
was used as an energy degrader, which was set in front of the cryostat. The shift of the
proton path in the magnetic field at 26.5 MeV from the case at 47.5 MeV was about 1 mm,
which was regarded to be negligible small by considering the dimensition of the beam spot
and the solid angles of detecting system.

Thus, the measurements of the asymmetries for spin parallel and antiparallel were
performed alternately at 47.5 and 26.5 MeV by flipping the beam spin frequently by spin
rotating solenoid, and also sometimes by inverting the target spin by changing the magnetic
field slightly in order to cancel the geometrical asymmetries.

4-4. Detecting system

To measure the Axx (90°c ) and A,, (90°¢ ») simultaneously, the two pairs of
detectors were placed in horizontal and vertical scattering planes, respectively. Each pair
consisted of the two rectangular type solid state detectors which had 2.5 mm thick and
2 x4mm? detecting area and was mounted on the holder inside the pole pieces of the magnet.
These detectors were set at proper positions corresponding to 44.6° scattering in Lab.
system by considering the bending of the protons in magnetic field. The scattered and
recoiled protons were detected in coincidence by them to reject the protons scattered from
other elements contained in the LMN crystal and the coincident energy spectra were re-
corded in the 256 ch. pulse heigh analyzer. The block diagram of the detecting systems are
shown in Fig. 10.



SPIN CORRELATION PARAMETERS FOR 50 MeV p-p SCATTERING 207

Axx (Ayy)
L(U) SSD PreAmp) égg‘Mev X1 Multimode Linear 256ch PHA
| [azsmevxsl | AMP. Gate P

Discri. h Scaler

Bias (S:gm Scaler

Discri. Scaler

At Matimode | | Detay | 21 20w
R(D)| SSD H{Preamp —265Mev,x1 1— Hlulimode | 5 5,57 =] Coin.

475MeV X5) mp.

Fig. 10. Block-diagram of counting system for the Axx and Ayy.

The Faraday cup at the rear of the Ca target and the plastic scintilation counter at the
back of the polarized target were used as the monitors.

4-5 Experimental results

The measurement was performed by using the primary proton beam of 53.75 MeV
which corresponded to E,=47.5 MeV at the polarized target by considering the energy
losses.

In order to minimize the errors caused from the fluctuation of the target polarization
from time to time, the incident proton spins were flipped every about ten minutes by the
spin-rotating solenoid, and the measurements at 47.5 MeV and 26.5 MeV were repeated
alternately. Moreover, the target spin was flipped every about ten hours by changing the
magnetic field slightly so as to eliminate the small shift of the beam path due to the solenoid
field and the geometrical asymmetries of the detecting system. The NMR signals were
recorded continuously to monitor the target polarization.

At the beginning of the experiment, liquid helium happened to stay in the target room
because of the needle value being out of order. Then, for the 26.5 MeV measurement, the
scattered protons could not come out from the cryostat by losing full energy in the liquid
helium, although little affected for the 47.5 MeV. So, the target polarization in that case
was estimated only from the NMR signals which were compared with the one in the normal
conditions being no liquid helium to soak the target crystal.

The four kinds of counts as N, N®% N!"and N¥ corresponding to the spin directions
of the incident and target protons were obtained by the vertical (4.,) and horizontal (4,,)
detecting systems at 26.5 and 47.5 MeV. In order to eliminate the spurious asymmetries,
the so-called asymmetries were calculated by using the geometric means of above counts,
that is

W NN — &/ N N

= 28
¢ A/ N NU 4/ N NG @8

() At 26.5 MeV, we obtained the asymmetries

exy=—0.15340.019 and e,,=—0.1324-0.026.

By using the Saclay result2D that A,,=-—0.926 and A4,,=—0.732 at 26.5 MeV which
were deduced by assuming Ax. (90°¢ i )==—0.984 at 11 MeV, we obtain the product of
the beam polarization (P;) and the target one (P,) as

(P1P)xx=0.16640.021 and (P, P,),,==0.180--0.035,
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from which by taking the weighted mean we obtained

(P,P,)=0.169-+0.018.
(ii) At 47.5 MeV, we obtained the asymmetries,

exr=—0.121£0.005
and

e,y=—0.04940.007.
By using the (P, P,) estimated from the 26.5 MeV measurement, we obtained the final results

Asxx (90°¢c_y 47.5 MeV)=-—0.7134-0.032
and

Ay, (90°¢ xr 47.5 MeV)=—0.287--0.039,
where the indicated errors are statistical only. The normalization error which effected in
comparing process with the Saclay data at 26.5 MeV was supposed to be about 109 by
considering the statistical errors at 26.5 MeV and the ambiguities of the NMR signals which
were used to estimate the target polarizations in the case of no 26.5 MeV measurement
discussed above and also the small differences of the proton paths at 47.5 and 26.5 MeV
in magnetic field.

As the measurements were performed simultaneously for the A, and 4,, and alternately
at 26.5 and 47.5 MeV, the following ratios are obtainable independently of both of the
beam polarization and the target one and also the Saclay data, that is

(Ayy/Axx)a7.5s Mev="Cyy/€xx)47.5 Mecv=0.402:£0.057 ,

(AyplAxx)z6.5 Mev=(€ry/€xx)26.5 Mev=0-863£0.200 ,

Ax(47.5 MeV)[A:x(26.5 MeV)=¢,,(47.5 MeV)/e.(26.5 MeV)
=0.7914-0.104

and
Ay (47.5 MeV)/A4,,(26.5 MeV)=¢,,(47.5 MeV)/e,,(26.5 MeV)
=0.371-0.090.

These are very useful values in comparing with other experimental results.

As there might be some possibilities of the background counts due to such quasi-free
scatterings as (p, 2p) reactions in the LMN crystals, we have measured the angular correla-
tions in such a way that the one detector was fixed at 44.6° and the other was changed from
30° to 60° in Lab. system. As the result, the protons from the (p, 2p) reactions were found
to be negligible compared with the p-p scattering, which was consistent with the very small
(p, 2p) reaction cross sections in this energy region.

The random coincident counts were maximum 10 %; of the true one, which were perhaps
neutrons mainly. However, the obtained asymmetries were almost all independent how
to subtract the background counts in the measured spectra.

The non-uniformity of the polarizations might be happened by the non-uniform dis-
tributions of the micro wave field and the temperature in the target crystal. In our case, the
untuned oversize cavity and the effective cooling system were used, so the uniform distribution
of the target polarization was to be expected.

It is known that the irradiation of the intermediate energy protons on the LMN crys-
tals reduces the target polarization by one half for (3~-5) X 1013 protons/cm? 24, In the
present case the total irradiation was about 10!! protons, and little depolarization due to
radiation damage was found. By using the (P, P,) value and the beam polarization P,=0.50,
we found the mean target polarization P,=0.34, which was consistent with the one estimated
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from the NMR signals only.

6. Discussion

The present results are shown in Fig. 11 with other experimental data2!.29~27 gand
some predicted values based upon the phase shift analyses?® and the potential model?® in
the intermediate energy region. In Fig. 11, the Cxp being transformed to the A., by
using Eq. (18) is also shown.

1.0
05t 4
Ayyor Chn 1
0
* Saclay 1967
o LosAlamos 1967
v Harwell 1967 , 1
~-05} o Grenoble 1970, 71 -
% Present Ckp'cnn
© Present Acy Ayy
-1.0L
0 80 100

40
Ep (MeV)

Fig. 11. Present and other experimental results in the intermediate energy region. For
the references, see refs®:29-20,  The solid lines and the dashed ones are the
predicted values based on Livermore phase shift analysis® and the Tamagaki
potential (HC-81)*®. The Cxp is shown as transformed to Axx by using the
relation.

For the two kinds of experimental methods in our measurements, the 4., and 4,,
results at 47.5 MeV are fairly consistent with the Cxp» and Cyy ones at 52 MeV by considering
their small energy dependencies.

Recently, the A, and A,, measurements at 46.9 MeV2® and 37.5 MeV2® have
been performed at Grenoble by using polarized ion source and polarized target. According
to their results at 46.9 MeV, A.,=-—0.85040.015 and A4,,=—0.275+0.010 are obtained,
which are apparently inconsistent with ours, that is to say, there is a large discrepancy for
the A, values, although the A4, values are in fairly good agreement. As the ratio A, ,/Ax
in our measurement at 26.5 MeV agrees well in statistics with 0.7884-0.007 obtained at
Grenoble, the above discrepancy seemed not to be caused by the normalizing process.

Several possibilities were examined as the causes producing above inconsistency in
the Axx and A,, results, that is, (i) the respective scattering centers in the target crystal to
the A.. and A,, detecting systems might not be the same and also the polarizations at each
center were different, (ii) the scattering angle for the 4., might not be 90°¢ 4 and (iii) the
estimation of the scattering energy might be incorrect. As described in the previous section,
we used the untuned oversized cavity and the effective cooling system, so the uniform po-
larization distribution was to be maintained not like the case (i). Also, the discrepancy being
too large to be caused by the misalignment of the detecting system and the mistakes of the
energy estimation, it was difficult to consider the errors resulted in the case (ii) and (iii). For
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other careful considerations on the possible error sources included in our measurements,
we could not find any systematic errors to interprete such a discrepancy for the A.

As described shortly in § 2-4, the phase shift analysis was attempted by Hoshizaki
et al. by using the Cgp and Cyy values at 50 MeV, and resulted in the important informa-
tions that the §(3P;) was about 14~17/ and the spin-orbit force at 50 MeV might not be
necessarily so strong as at higher energy region. However, in order to complete the phase
shift analysis and to confirm the character of the spin orbit interaction in this energy region,
the Cgp and Cyy experiment was not sufficient in statistics and in consistency with other
triple scattering parameters obtained at Rutherford Laboratory.

The above preliminary informations obtained from the Cxpr and Cyy measurements
has been confirmed by the 4., and 4,, results. The solid curves in Fig. 11 represent the
values predicted from the recent energy dependent phase shift analysis developed at Liver-
more (referred to as XEDA)?® which is consistent with the Hamada-Johnston potential.
The predicted A4,, agrees quite well with the present Cyy and 4,,, whereas the A, shows
large discrepancy of 6 standard deviations with the present experiments, and also shows
discrepancy 3.7 deviations with the Grenoble result. For the predicted values from the
phase shift analysis at 50 MeV by Hoshizaki!® including the cross section data remeasured
by Sanada et al.,, nearly the same considerations are given.

For the 4,,/A4.. values, which are useful for comparison because of being independent
with beam and target polarization, one can see the systematic behavior showing the significant
discrepancy between the experimental data and the predicted values for 10 to 50 MeV
energy region, which indicates that the XEDA phase shift analysis is not yet complete. By
considering the experimental A4,, values being fairly consistent with the predicted ones,
this incompleteness should be resulted in the ambiguity of 3P -wave phase shift.

The dotted lines in Fig. 11 are the values predicted from the Tamagaki potential (HC-
81)29 which is based upon the meson theoretical treatment. The better fit than the XEDA
has been obtained for the 30 to 50 MeV A, values, but not for the 4,,. Also, the HC-81
potential seems not to be able to explain the energy dependecy of the spin correlation para-
meters.

0 10 20

30 40 50 60

Ep(MeV)

Fig. 12. Estimation of the %P, wave phase shift fitting to the experimental Axx data.
The solid lines are the curves smoothly connecting the experimental points. The
dashed and the dashed dotited lines are the predictions based on the Tamagaki
potential?® and the recent Livermore phase shift analysis®®.
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In orther to examine the energy dependence of §(3P,), we have tried to reconstruct
the A4, data by changing only the § 3P,) from the XRDA in this energy region, where the
weighted mean of the A, values between the present and the Grenoble data is used for 47.5
MeV. The estimated §(3P,) is shown by solid line in Fig. 12, in which the recontructed
Axx values and the predicted values from the XEDA and the HC-81 are also shown for
comparison.

Apparently from Fig. 12, the deduced 4 (3P;) at 50 MeV is about three degrees larger
than that of the XEDA, which suggests that the spin-orbit force in this energy region is not
so strong as one at higher energy region. The HC-81 potential is not able to reproduce
the energy dependency of the deduced § (3P;). In order to explain such energy dependency
based on the Tamagaki potential, the energy dependency of the pion-nucleon coupling
constant might be taken into account®®. Of course, more accurate considerations should
be based upon the detailed phase shift analysis, which will be shown in another publication
in near future.

Since there remain some ambiguities due to the discrepancy of the A.. between the
present and the Grenoble data, more extensive measurements in the intermediate energy
region especially in 50 to 100 MeV region are desired in order to confirm the phase shifts
and make clear the mechanism of the proton-proton scattering.
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