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We have measured differential cross section and analyzing powers 4§, iT};, T, T>, and
T, for proton-deuteron elastic scattering near 20 MeV deuteron energy. The total error of
the differential cross section was 1% or less. Each deuteron analyzing power was measured
independently with the maximum efficiency. The total error of the analyzing power was
less than 0.007. Faddeev calculations have been performed for three cases of nucleon-
nucleon interaction. None of them gives an overall quantitative fit to the measured values.
The effect of the Coulomb interaction is discussed.

NUCLEAR REACTIONS ’H(B,p)’H, E,=11.1 MeV; measured o,(6),
A0(6); 'H(d,d)'H, E;=17.0, 20.0, 22.2 MeV; measured iT},(0), T»(8),
T31(0), T,(0). Faddeev calculations.

I. INTRODUCTION

In the 1960’s a theoretical method to investigate
details of the nucleon-nucleon interactions through
the study of three-nucleon scattering was developed
by Amado, Lovelace, and Alt et al.,' starting from
Faddeev theory. The nucleon-deuteron scattering
process has been investigated extensively both exper-
imentally and theoretically during the last decade,
and the need for very accurate measurements on a
complete set of the zeroth and first order observ-
ables for spin variables, especially tensor analyzing
powers, has been recognized in order to test the
highly sophisticated theoretical predictions around
E;*=20 MeV.?

For such measurements, a precise absolute value
of the polarization of deuteron beams is essential,
and it is obvious that the use of a Lamb-shift type of
polarized ion source with a spin filter joined to a
tandem accelerator is the most suitable way to ob-
tain it.

Here we report the results of measurements and
Faddeev calculations, and comparisons between
them. The measured quantities are o(6) and 45(6)
at Ef°=11.1 MeV; iT;(0) at Ef°=20.0 and 22.2
MeV; T,,(8) at E¥*=17.0, 20.0, and 22.2 MeV; and
Ty(0) and Ty(0) at Ef*=22.2 MeV in proton-
deuteron elastic scattering. Faddeev calculations are
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for 0¢(6) and A£(6) at E;*®=11.1 MeV; and iT,(9),
T0(0), T11(8), and T () at Ef°=22.2 MeV.

Some experimental results were presented at the
Few Nucleon Conference at Graz® and the Polariza-
tion Phenomena Symposium at Santa Fe.*

II. EXPERIMENTAL PROCEDURES

Polarized proton and deuteron beams were pro-
duced by use of a Lamb-shift type of polarized ion
source with a spin filter and a spin precessor mag-
net.’ Beams were accelerated through a 12 UD Pel-
letron tandem accelerator® and focused on the target
through a beam-transport system. The target ma-
terial was hydrogen or deuterium gas in a small gas
cell with a 2.5 um thick Havar window which was
installed at the center of a large general purpose
scattering chamber.

Scattered particles were detected by four counter
telescopes composed of a thin silicon surface-barrier
detector and a thick one, installed so that there were
two on the left turntable and two on the right turnt-
able. Particle identifiers were used if we had a need
to separate the particles.

The differential cross section was measured in-
dependently of the analyzing-power measurements.
Estimated typical errors and their sources con-
sidered were as follows: 0.47% for counting statis-
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tics, 0.06% for angle setting, 0.12% for current in-
tegration, 0.50% for the G factor, and 0.23% for the
number of scattering centers in the target gas. An
overall check for the procedures was made by
measuring oy (6;,,=45°) in proton-proton scattering.
The result was 46.4+0.5 mb/sr in the center of mass
system, which is compatible with the value of
46.4+0.3 mb/sr obtained through the interpolation
of the values at 10 and 14 MeV.

A proton analyzing power 4}(6) was obtained by
measurements with spin-up and spin-down beams
and by use of the following formula:

Iy(0)—1Ip(6)
Pyly(0)+PpIp(6) ’

where Py and Pp denote degrees of polarization for
spin-up and spin-down beams, respectively, and Iy
and Ip denote yields with spin-up and spin-down
beams, respectively. Namely, four detectors were set
at different angles for an efficient measurement.
Such a procedure was adopted after we confirmed
that the 4 reduced by Eq. (1) agrees with the one
reduced by the geometric mean method within a
fraction of the relevant total error through many
runs for proton-*He and other scatterings prior to
the present work. The degree of polarization of the
beam was measured frequently by a quench-ratio
method. The accuracy of the quench-ratio method
for protons was calibrated by measuring 4} in
proton-*He scattering and comparing this with re-
sults of Ohlsen et al.” A scale error of the degree of
polarization of the proton beams was 2%, including
the uncertainty of the direction of the spin quantiza-
tion axis.

In contrast to the proton analyzing power, the
deuteron analyzing powers are more complicated to
measure. In the present work, each deuteron analyz-
ing power was obtained independently with the max-
imum efficiency. The spin substate of the deuteron
and the direction of the spin quantization axis on
the target for the measurement of each deuteron
analyzing power are summarized in Table I. The
coordinate system used to describe the scattering
and the spin quantization axis is shown in Fig. 1.
Deuteron analyzing powers were obtained from the
following formulas:

42(0)= (1)

_ 1 [5e L(=8)

TuO=273p |10 " I,=0) |’ @
1 1,(0)

T(0)=77p 1_10(9) ’ )
R A AC)

Tul0)=377p In(—0) I, |’ @

TABLE 1. Spin substate and spin quantization axis.

Observables Spin substate Spin axis
iT“ m1=1 9:=90°, ¢s=90°
Ty m;=0 6,=0
Ty m;=0 0, =45°, ¢,=180"

6, =90°, ¢;=90°
_ for P,

Ty m;=0 0,=90°, ¢, =0°
for P,

and

o (6)— 1 Ipl(G) B Ipz(G)
2 23 | | PiIy(0)  PyIy(6)
1 1 1
— —— | t——=11oiTq; ,
+ P, P, VT3 10id 11

(5)

where P denotes a degree of polarization of the
beam, and I, and I, denote yields with polarized
and unpolarized beams, respectively. The ¢4 in Eq.
(5) denotes a vector polarization of the beam for the
m;=0 substate, and amounts to 0.027 in our case.
The corresponding P was also corrected by a factor
of 0.967, for which we estimated the uncertainty of
1%. The I,(0) in the above equations was deter-
mined during the analyzing-power measurements in
the pair with the relevant 1,(8). The accuracy of
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FIG. 1. Coordinate system to define the spin quantiza-
tion axis.
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the quench-ratio method for deuterons was calibrat-
ed by measuring the analyzing powers in the
160(d,a)"*N*(2.31 MeV) reaction® and deuteron-*He
elastic scattering.’ As a result, a scale error of the
degree of polarization of the deuteron beams was
3%, including the uncertainty of the direction of
spin quantization axis. The uncertainty of the ener-
gies of the beam was 0.2%, and the spread of the en-
ergy was 0.4% at the target center.

III. EXPERIMENTAL RESULTS

Experimental results are shown in Figs. 2—7.
Circles indicate those at E°=11.1 MeV or
Ef*=22.2 MeV. Squares are of those at Ef°=20.0
MeV. Triangles are of those at Ef°=17.0 MeV.
Error bars indicate absolute errors which are mainly
due to the scale error and the counting statistics, the
latter being less than 0.006.

The agreement between the present data on
iT,(0) at Ef*®*=20.0 MeV and the remeasured data
at SIN' is quite satisfactory. The data on T,;(6) at
E,lf‘b= 17.0 and 20.0 MeV were taken to supplement
the data of Ref. 11 with an aim toward a complete
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FIG. 2. The differential cross section for nucleon-
deuteron elastic scattering. The circles are proton-
deuteron experimental results at E,!"bzll.l MeV. The
lines are neutron-deuteron calculations with different
nucleon-nucleon interactions. Full line: Y-4T4B-P.
Dashed line: Y-GrazlI-P. Dotted line: Y-GrazII-P-D.
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FIG. 3. The nucleon vector analyzing power 4f. The
circles are proton-deuteron experimental results at
E;f*=11.1 MeV. The lines are neutron-deuteron calcula-
tions. Full line: Y-4T4B-P. Dashed line: Y-GrazlI-P.
Dotted line: Y-GrazII-P-D.

set for a future energy dependent phase-shift
analysis.'> 1

For the energy dependence of T,;(6) near
E}fb=20 MeV, there existed controversial data and
discussion in 1978.2® This situation is now rectified
by the present measurement as seen in Fig. 8, which
shows the observed data of T, (0., =90°) from
EX° =10 to 22 MeV. Closed circles indicate the
present results, open circles the data of ETH,' and
triangles the data of LASL.!> The magnitude of T,
(6..;m. =90°) increases linearly with the increase of in-
cident deuteron energy. Therefore it is interesting to
give an empirical excitation function for a future
theoretical treatment. The T, (0., =90°) is fitted
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FIG. 4. The deuteron vector analyzing power iT;.
The circles are proton-deuteron experimental results at
Ej®=22.2 MeV. The lines are neutron-deuteron calcula-
tions. Full line: Y-4T4B-P. Dashed line: Y-GrazII-P.
Dotted line: Y-GrazII-P-D. The squares are proton-
deuteron experimental results at EF*=20.0 MeV.
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FIG. 5. The tensor analyzing power T,. The circles
are proton-deuteron experimental results at Ef°=22.2
MeV. The lines are neutron-deuteron calculations. Full
line: Y-4T4B-P. Dashed line: Y-GrazlI-P. Dotted line:

Y-GrazII-P-D.

by the relation
T»1(0 . =90°)= —0.0055E%°+0.0491 ,  (6)

where EX® is in MeV.

Since it is well known that the maximum value of
AP at 6., =125 increases linearly from E}*=4 to
14 MeV and then reaches a saturated value of about
0.2 above 15 MeV, it is worthwhile to summarize
the energy dependence of other deuteron ana]grzing
powers in addition. In the energy range of EX°=10
to 22 MeV and for the 6, ,, corresponding to a max-
imum absolute value of each quantity, the following
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FIG. 6. The tensor analyzing power T,;. The circles
are proton-deuteron experimental results at Ef°=22.2
MeV. The lines are neutron-deuteron calculations. Full
line: Y-4T4B-P. Dashed line: Y-GrazII-P. Dotted line:
Y-GrazII-P-D. The squares and the triangles are proton-
deuteron experimental results at Ef*=20.0 and 17.0
MeV, respectively.
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FIG. 7. The tensor analyzing power T»,. The circles
are proton-deuteron experimental results at Ef®=22.2
MeV. The lines are neutron-deuteron calculations. Full
line: Y-4T4B-P. Dashed line: Y-GrazII-P. Dotted line:
Y-GrazII-P-D.

linear relations result:
iT1(8, m =130°)=0.0050E*—0.0116 , (7)
T(0e.m =115)=—0.014E°1+0.158 , (8)
and
T5(6. m =130°)= —0.0059E2°+0.0208 .  (9)

The absolute value of the gradient dTy, /dE, is the
largest in T,.
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FIG. 8. The excitation curve of the tensor analyzing
power at T,y at 0., =90°. The dashed line indicates the
fit to the data by a linear function of ES® between 10 and
22 MeV.
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IV. FADDEEV CALCULATIONS

The first comparisons between experimental data
in proton-deuteron elastic scattering and Faddeev
calculations in neutron-deuteron elastic scattering
for a complete set of observables up to the first or-
der for spin variables were made recently at
EZ*=10 MeV and Ef®*=20 MeV.!1%!? In the calcu-
lations, a four-term tensor force with a 4% D-state
probability and a repulsive core was adopted in the
nucleon-nucleon interaction and denoted by 47 4R.
For the singlet S state, a two-term R-type of form
factor was chosen, and denoted by 2!SoR. The in-
clusion of P waves was denoted by 2!S,R-4T4R-P
and the inclusion of P and D waves other than the
3D, wave was denoted by 2!S,R-4T4R-P-D. The
calculated results agree qualitatively with the experi-
mental data. However, quantitatively, the agree-
ment is poorer in iT;(0) and T,;(€). The inclusion
of D waves improves the agreement for the vector
analyzing powers at forward angles, and has a negli-
gible effect at backward angles and for other quanti-
ties.

Independently, a code for Faddeev calculations
was constructed by two (Y.K. and Y.T.) of the au-
thors of this work. The method of solution is dif-
ferent from those of Doleschall’® and Bruinsma.!®
Preliminary results calculated by this method with
the use of simpler interactions between nucleons
were reported in Ref. 17.

Further calculations for neutron-deuteron elastic
scattering at Ef°=11.1 MeV and E2*=22.2 MeV
were made in three cases:

In the first calculation, a four term tensor force
described in detail in Ref. 18, called 4T4B, was
adopted for S, and 3D, waves. The force 4T 4B is
characterized by a reasonable fit to the mixing
parameter €; with the empirical values of Ref. 19.
For the 'S, wave both in neutron-neutron and

neutron-proton interactions the Yamaguchi type of
separable potential of Phillips*® was used. For the P
waves, we used the P-state nucleon-nucleon interac-
tion of Ref. 18. This first case is denoted by
Y-4T4B-P. The results are shown by solid lines in
Figs. 2—17.

In the second calculation, the neutron-proton in-
teraction for S, and D, waves was replaced by the
corresponding part of the Graz potential.?! It pro-
vides an overall realistic description of on- and off-
shell properties of the nucleon-nucleon interaction,
except for the fit to the mixing parameter €; with
the empirical values. This second case is denoted by
Y-GrazlI-P. The results are shown by dashed lines
in Figs. 2—7.

To see the contribution of D waves other than 3D,
waves, the D-state nucleon-nucleon interaction of
Ref. 18 was added to the second calculation. This
third case is denoted by Y-GrazII-P-D. The results
are shown by dotted lines in Figs. 2—7.

V. DISCUSSION AND CONCLUSION

The difference between Y-GrazII-P and Y-
GrazlI-P-D, namely the effect of the inclusion of D
waves other than the >D wave, is also negligible, ex-
cept for the vector analyzing powers at forward an-
gles. Therefore we compare the results of Faddeev
calculations, which include up to P waves except for
3D, waves, with the experimental results. None of
the calculations give an overall quantitative fit to
measured values.

The partial success of the fit and the extent of the
deviation are summarized in Table II. The compar-
ison for the analyzing powers is made at some an-
gles where they have large absolute values.

Calculated vector analyzing powers show the
agreement with experimental values within about
10%, which may result from a proper choice of S-

TABLE II. Comparison between experimental and calculated results. “agree” means the
calculated value agrees with the measured value within the experimental error. “—79%®”
denotes that the calculated absolute value is less than the measured one by 7%.

Angular
region Y-4T 4B-P Y-GrazII-P 2'S,R-4T4R-P®
ao(8) agree at agree at agree at
Oc.m. > 40° Oc.m. > 80° Oc.;m. > 60°
A(6) at 6., =120° —7% agree agree
iT1(6) at 6., =130 + 5% + 5% + 12%
T'(8) at 6., =115° agree —-31% + 6%
at 6., =140 agree + 42% + 5%
T5,(0) at 0., =95° +23% + 19% +37%
at 6., =130° +22% + 53% + 68%
T,,(0) at 0., =130° +11% —7% + 4%
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and P-state interactions. The agreement or disagree-
ment of calculated values for tensor analyzing
powers T5,(0) (g=0,1,2) with experimental values
comes out partly as a consequence of the reasonable
or unreasonable fit to the mixing parameter €, with
the empirical values among the nucleon-nucleon in-
teractions listed in Table II. Above all, this relation
is revealed distinctly in the T5o(0). The T5,(0) is a
quantity which is affected not only by this relation
but also by other details of the nucleon-nucleon in-
teraction. The T',,(8) is insensitive to the things dis-
cussed above. The difference of the off-shell proper-
ty of the nucleon-nucleon interaction is not clear
from the present analysis.

Of course, since the experiment was concerned
with proton-deuteron scattering, the effect of the
Coulomb interaction has to be included. However,
we have no rigorous treatment for it. Therefore we
calculated an approximate T matrix for the proton-
deuteron system by modifying the exact neutron-
deuteron T matrix in a manner expressed by Eq. (1)
in Ref. 13.

For o(0), the improvement of the fit to the data
at forward angles (especially at the Coulomb-nuclear
interference region) is accompanied unfortunately by
departure at backward angles. For vector analyzing
powers and T'5,(0), the fit to the existing data is not
altered essentially, although a sizable difference in

calculated values between calculations with and
without the Coulomb interaction appears at forward
angles (0., <40°). It is interesting to note that
Brock et al.?2 and Tornow et al.?® point out that the
same kind of difference exists between the experi-
mental AJ(6) in proton-deuteron scattering and
neutron-deuteron scattering. For T,;(6), the im-
provement of the fit at 6 ;, =130° leads at the same
time to a departure at 6, , =95°. For T,,(0), the
calculated values are insensitive to the inclusion of
the Coulomb interaction in the whole range of the
scattering angle.

It appears that a valid conclusion concerning the
Coulomb effect cannot be drawn from the procedure
described above, although a partial improvement is
obtained. Furthermore, we are not yet in a position
to discuss the off-shell behavior of the nucleon-
nucleon interaction through the study of the first or-
der polarization observables in nucleon-deuteron
elastic scattering, much less the possible three-
nucleon force.
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