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Results of measurements of the transverse polarization transfer coefficients K~ (0') for 'H(p, n )pp
at 54 and 71 MeV are presented. The magnitude and energy dependence of this parameter have
been determined with sufficient precision (4%) to permit the use of this reaction as a source of near-
ly monoenergetic polarized neutrons in precise measurements. K (0 } is found to have a significant
dependence on excitation energy. The results at low excitation energy are in agreement with calcu-
lations in the impulse approximation using the nucleon-nucleon phase shifts obtained from the
Bonn or Paris potentials. A substantial difference from the results obtained using the empirical
phase shifts is found. Results of measurements of the longitudinal polarization transfer coefficient
K,' (0') at 54 MeV are also presented.

I. INTRODUCTION

A better determination of the neutron-proton interac-
tion, particularly the tensor component, remains an im-
portant goal in nuclear physics. Measurements of polar-
ization observables, particularly spin-correlation observ-
ables, provide an effective means of probing aspects of the
nucleon-nucleon force that would be almost impossible
by any other means. ' Such studies require polarized
beams and polarized targets. The absolute determination
of the polarization of the beams and targets is often the
largest source of error in such measurements. A substan-
tial investment must be made in calibrating such beams
and targets before significant advances can be made in
our determination of the nucleon-nucleon force.

This paper describes our measurements of the polariza-
tion transfer coefficients K~~ (0') and E; (0') for the neu-
tron production reaction H(p, n)pp. ' The polarized
neutrons produced in this reaction have been used to
measure the spin-correlation parameter A„(9) for elastic
np scattering at 68 MeV. ' A„provides a unique tool to
extract the S, - Dj mixing parameter c, which can be
directly related to the isoscalar NN tensor force. An ad-
ditional motivation to investigate K and K' stems from
the fact that these observables in themselves yield infor-
mation on the nucleon-nucleon force.

The reaction H(p, n)pp previously has been used to
produce polarized neutron beams only at high energy.
At energies near 50 MeV the reaction H(d, n ) He has
been routinely used up to now. ' '" The disadvantage of
this reaction is the large flux of lower energy neutrons.
Although these neutrons can be used effectively in some
measurements, in high-precision measurements of spin-

correlation observables, where the polarized target is pri-
marily a heavy contaminant material, it is desirable to
have a monoenergetic beam. Such a beam minimizes sys-
tematic errors arising, for example, from background
subtraction. In addition, systematic errors in measure-
ments with a longitudinally polarized beam tend to be
minimized if the beam is monoenergetic, as the contribu-
tion of transverse components is reduced. A monoener-
getic beam also minimizes extraneous rate in the detec-
tion apparatus, permitting one to run with significantly
higher neutron flux in the peak region.

Although the reaction H(p, n )pp produces a neutron
spectrum at 0 that is almost monoenergetic, the peak one
observes is the result of the strong 'So final-state interac-
tion of the two protons, ' and not that of a transition to a
bound final state. As a result, the neutron polarization is
not just a number, but rather a function of excitation en-

ergy. There have been previous studies of this energy
dependence, ' ' but none sufficiently precise for our ap-
plication. At lower bombarding energies ( —15 MeV)
(Refs. 13 and 14) the polarization transfer is a strong
function of excitation energy, while at higher energies
( —160 MeV) (Ref. 15) the functional dependence be-
comes relatively weak. In a preliminary investigation of
this reaction' we found that the variation of polarization
transfer with excitation energy is significant, but not as
strong as that observed at lower energies. Data available
for the average value of the polarization transfer' ' near
energies of interest to us are insufficient. In the work to
be described, we attained the necessary precision by mak-
ing measurements of high statistical accuracy, with good
experimental resolution, and with the effects contributing
to the resolution mell enough determined so as to permit
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an accurate unfolding of the intrinsic polarization
transfer function.

II. EXPERIMENTAL METHOD

A. The beam line

The measurements were made using the low-energy po-
larized neutron source at the Paul Scherrer Institute
(PSI). ' This facility has been described in detail else-
where, ' so only the essentials of it will be discussed
here.

Polarized protons are produced in an atomic-beam-
type polarized ion source and accelerated to energies as
high as 72 MeV by the Injector I cyclotron. Beams of 1

pA and 85% polarization are typically produced. Beam
bursts of width 0.7 ns, separated by 20 ns, are obtained at
72 MeV, increasing to about 1.2 ns, separated by 70 ns, at
55 MeV.

The beam is guided to area NE-C, which contains the
neutron source (Fig. 1}. Upon entering the area, the
beam passes through an in-beam polarimeter (POL),
which is used to monitor the polarization of the beam
continuously. The device consists of a thin carbon foil
(200 pg/cm ) viewed by two small NaI detectors placed
symmetrically, left and right, at the peak of the analyzing
power (-45'). Using precise analyzing powers from the
literature, ' this device provides a determination of the
normal component of the proton beam polarization good
to 1% absolute. A small NaI detector was also placed
above the beam at 45' for use in measurements of the lon-
gitudinal polarization transfer. A small plastic scintilla-
tor, called the "timing scintillator, " is positioned below
the polarimeter target at 30'. This detector provides an
effective means of monitoring the beam timing relative to
the cyclotron rf and of the microscopic time structure of
the beam bursts.

The beam is guided to the production target ( T1 }by a
dipole magnet (D1) and a pair of quadrupoles (Q). The
charged particles exitting the target are swept aside into a
Faraday cup (FC) by a dipole magnet (D2). D2 also pro-
vides the necessary precession of the neutron spin in the
measurements of the longitudinal polarization transfer.

The production target Tl is liquid deuterium (LD~)

operating at about 19 K and 1 atm. The region through
which the beam passes is 1.1 cm thick. The design of the
target is such that it permits the use of proton beams at
72 MeV with intensities as high as 5 pA with almost no
decrease in density. The energy loss of 72 MeV protons
in this target is -2.0 MeV.

The neutrons exit the production target to pass
through a collimator at 0 . The collimator was such as to
produce a beam 4.2 cm diameter at the neutron target po-
sition T2 (422 cm from the production target). The use
of neutrons at 0 permits a rapid reversal in the polariza-
tion direction of the neutrons by flipping the orientation
of the proton polarization in the atomic source. The neu-
tron source is surrounded on all sides by iron and con-
crete shielding.

In the measurements of transverse polarization
transfer, the direction of polarization (N) of the incoming
protons and outgoing neutrons was not affected by the
beam line elements. This was not the case in the mea-
surements of the longitudinal polarizatian transfer.
Here, a solenoid (SOL}was placed just before the in-beam
polarimeter and set ta precess the proton polarization to
be in the plane of the I.-R pair af detectors, i.e., an S po-
larized beam was formed at that point. Deflecting the
beam by 54' in D1 then resulted in an almost completely
(97.7%o) longitudinally polarized beam (L). The longitu-
dinal spin component of the high-energy peak neutrons
was then precessed 90' by D2 to produce neutrons polar-
ized in the S direction. This polarization companent
could then be analyzed with aur apparatus (see below) ro-
tated 90' abaut the beam axis.

B.The measurement apparatus

The apparatus used to measure the polarization of the
beam in the case of transverse polarization transfer is il-
lustrated in Fig. 1. The setup for the case of longitudinal
polarization transfer was virtually identical, except for a
90' rotation about the axis of the neutron beam.

The reaction used to measure the neutron beam polar-
ization was elastic scattering from He. The large analyz-
ing powers, A~, the amount of precise data available for
~He(p, p)4He in our energy range, ' and the connection

n BKAM

yg»»»««»i«»~
g7/gj///lfiil/J/A

RI:,:: ~~ss Tl
~ ~y ~ ~ ~ ~ ~

gal%

~gl g \ ~ ~ ~ ~
~ ~

'Lo oe ~ ~ ~ +

//////////
7P ~ (fan/f//»J«/»»/»A

LI
sx//I g ffL

CONCRKT f

FIG. 1. Schematic of the PSI low-energy polarized neutron facility and the experimental setup showing the principal components:
spin precession solenoid (SOL), proton polarimeter (POL}, bending magnets (D1,D2}, quadrupoles (Q}, liquid deuterium neutron
production target (T1), Faraday cup (FC), neutron collimator (C), liquid helium scattering target (T2), and neutron detectors
(L1,L2,R 1,R2).
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to He(n, n} He via charge symmetry, make He a suit-
able choice as an analyzer. An additional benefit is a
clean event identification. This results from the use of
the material as an active target and because it has its first
excited state at 20.1 MeV of excitation.

This technique has been used in determining the polar-
ization of neutron beams at lower energy. Neutron
beam polarization at higher energies has without excep-
tion been analyzed via np elastic scattering and the re-
sults of phase-shift analyses. The absolute precision to
which the polarization of such beams can be determined
thus depends to a large extent on how well the analyzing
powers for np scattering can be determined from mea-
sured observables other than A . Our neutron beam will
thus supply the means of obtaining the highest energy
data for spin observables in np scattering with indepen-
dent calibration.

Our target (T2) was liquid helium at 4 K and 1 atm
contained in a 50 mm inside diameter, flattened sphere
made of Pyrex with 1.1 mrn walls. The inner walls
were coated with a wavelength shifter. Except for the
flattened portion on the bottom of the target container,
the outer walls were coated with a reflective white paint.
The scintillation photons from the liquid helium exitted
the flattened bottom portion of the container to enter a
Plexiglas light guide spaced about 1 cm away. This pipe
was connected to a photomultiplier tube. To minimize
the material in the beam and to reduce multiple scatter-
ing effects in the outside walls, the glass bulb was sur-
rounded only by several layers of superinsulation and a
thin-walled (0.5 mm) aluminum cylinder of diameter 10
cm.

The scattered neutrons were detected in two pairs of
detectors positioned symmetrically about the neutron
beam (Ll, L2, R 1, and R2 in Fig. 1}. Each detector con-
sisted of two bars of NE102 plastic scintillator, each 4.1

cm thick X 10.0 cm wide X 50.0 cm high. Each bar was
coupled via a light pipe to a single 7.6 cm photomultiplier
tube. The bars were tilted 22' relative to the vertical so
as to compensate for the dispersion in pulse arrival times
for interactions at different points along the height of the
detector. The neutron detectors were positioned 70 cm
from the helium target at several angles near the max-
imum analyzing power (-130;,b).

During the experiment the following information was
recorded event-by-event on magnetic tape: the pulse
height in the active target (u pulse height), the time-of-
flight (TOF) of the pulse observed in the active target rel-
ative to the cyclotron rf (a-rf TOF), the pulse height ob-
served in the neutron detector (n pulse height), and the
time-of-flight of the neutron detector pulse relative to the
target pulse (a nTOF}. Sp-in state was flipped about
once a minute. At each spin flip scalers were also written
to magnetic tape. These included charge into the Fara-
day cup, pulser triggers (used in making dead-time
corrections), and rates in various detectors. For each run
the proton beam polarization was monitored continuous-
ly, and the polarimeter spectra were recorded. The tim-
ing of the proton beam relative to the cyclotron rf was
also monitored continuously via the rf "timing scintilla-
tor" spectrum.

III. DATA REDUCTION

Y~ —Y~
~L.

=
Yz~+ Y

Yl Yf

Y~~ + Y~~

for the single arms, and for the super ratio, cs, where,

I —r~s= 1+r

(2)

(3)

Yt X Yl 1/2

r = (4)
YL X Y~

Here Yz~ ( Yz~ ) corresponds to the yield in the left (right)
detector for an incident proton polarized with spin direc-
tion up (down). The asymmetries obtained using the vari-
ous combinations of the yields agreed to within their sta-
tistical uncertainties. The result obtained using the
super-ratio method was that used in the final analysis, as

The data for each detector, at each angle and each spin
state, were sorted with various restrictive cuts applied on
the input signal sources. A threshold was set on the neu-
tron pulse height to reduce the random background.
Sorts made with different thresholds produced results
identical to within the statistical errors.

With cuts on neutron pu1se height and a-rf TOF, a
clear peak was visible in the a pulse-height spectrum. A
cut was made on the a pulse height to reduce background
from inelastic scattering on helium, and other sources.

With the above cuts applied, the spectrum for a-n TOF
consisted of a sharp peak corresponding to the elastically
scattered neutrons, sitting on a small and flat back-
ground. A cut on this peak was used to better define the
events of interest in the other three signal sources.

A representative set of spectra after all cuts have been
applied is illustrated in Fig. 2. The a pulse-height spec-
trurn has a width of about 12%, chiefly due to the nonun-
iformity of response throughout the active target. The
a-rf TOF spectrum has a FWHM of 1.7 ns arising from
contributions from the intrinsic width of the neutron
beam (0.6 ns), the width of the proton beam burst (0.8 ns),
the time spread due to finite target size (0.6 ns}, and the
time resolution of the active target (0.6 ns). The spec-
trum for a-n TOF has a sharp peak with a width of 1.1
ns, arising primarily from the resolutions of the a detec-
tor (0.6 ns) and the n detector (0.8 ns).

The yields were obtained by integrating the peak in the
a-n TOF and subtracting the underlying background, ob-
tained by making a linear fit to the regions on either side
of the peak region. These yields were corrected for dead
time and normalized to the incident proton charge in the
Faraday cup. The dead time was obtained by injecting a
random pulser obtained from the "timing scintillator. "
This pulser system also made it possible to continuously
record the time structure of the beam and drifts in the rf
relative to the beam.

For a given bin in the a-rf TOF spectrum asymmetries
were calculated via
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FIG. 2. Representative set of spectra after all cuts have been applied: (a) n pulse height; (b) a pulse height; (c) a-rf TOF; (d) a-n
TOF. These results mere obtained using incident neutrons with a mean energy of 67.5 MeV, and a laboratory scattering angle of 145'.

it effectively reduced some of the systematic uncertainties
present in the other two procedures

IV. DATA ANALYSIS AND RESULTS

In the limit of a monoenergetic neutron beam, a point
target, and point neutron detectors, the transverse polar-
ization of the neutron beam is obtained from the expres-
sion

E'= E,

Pp Ay(8)
(7)

where P~ is now the proton longitudinal polarization.
The elementary relationships in Eqs. (5)-(7) cannot be

directly utilized in the real experiment. We have as-
sumed knowledge of A„ for He(n, n) He, when in fact
that information is not directly available. There is, how-
ever, an appreciable body of experimental data available
for ~He(p, p}4He, from which phase shifts can be ob-
tained. ' Charge symmetry tells us that aside from
"small" Coulomb corrections, the phase shifts, and ob-
servables, for ~He(n, n )~He and 4He(p, p) He should be

A(8} '

where A„(8) is the analyzing power for ~He(n, n)4He at
the angle 8. The transverse polarization transfer
coeScient K" (0'} is obtained from the proton transverse
polarization P and the neutron transverse polarization
P„via

P„=K@~(0')Pp .

For the case of longitudinal polarization transfer we get
the equivalent

identical. Since these are five-nucleon systems, approxi-
mations must be made in order to evaluate the Coulomb
corrections. For the tightly bound He system, the
effective two-body treatment of Coulomb distortions
presented by Frohlich et al. 3' is expected to provide a
close description of the true distortions. This model has
been quantitatively tested in the case of n* '0 elasti-c
scattering, and for N- He elastic scattering at 24
MeV. In both cases excellent agreement was obtained.

In this model the full scattering amplitude includes the
pure hadronic term, a relativistic point Coulomb term, a
Coulomb term accounting for the finite extension of the
projectile and the target, and a piece originating from the
interference between the Coulomb and hadronic interac-
tions. Detailed calculations for N- He using the Saito
phase shifts30 demonstrate that at the energies of interest
to this work, the effect of the relativistic point Coulomb
term on the analyzing power (typically less than 4%) is
almost canceled by the contributions of the remaining
Coulomb distortion effects when one is in the vicinity of
the maximum of A, occurring at back angles.

In other words, in the region of the maximum of Ay at
back angles, we expect the analyzing powers for elastic
neutron scattering from He to be almost identical to
those for elastic proton scattering from He.

Calculations performed between 50 and 65 MeV, us-

ing the Saito phase shifts, have led us to the conclusion
that the assumption that the peak pa analyzing powers
are the same as the peak n a analyzing powers is good to
3%. The calculations yield peak na analyzing powers
that differ from peak pa values by +0.001 at 50 MeV, by—0.008 at 52 MeV, and by +0.021 at 59 MeV. Two
significantly different results were obtained at 65 MeV,
due to the larger uncertainties in the energy dependence
of the phase shifts. The preferred result, using phases in
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A (T„,Hd„)
(8)

and A was the analyzing power for point detectors and
no multiple scattering. Table I illustrates the size of these
corrections for a neutron energy of 67.5 MeV and a
detector at various angles near the peak of A'. Using
this information one may then compute the average po-
larization transfer coefficient, E, for a given bin of the
a-rf TOF.

As pointed out earlier, the problem of predicting the
analyzing powers for He(n, n) He using the phase shifts
from He(p, p) He leads to uncertainties of about 3% in

better agreement with a more recent phase shift
analysis, differs from pa by —0.016, and the other by—0.044. In all cases the maximum analyzing powers for
pa exceed +0.90.

In addition to accurate analyzing powers, extraction of
intrinsic polarization transfer coefficients from our data
requires a number of geometric corrections to be made.
The target is sufficiently large that multiple scattering
effects must also be incorporated. The multiple scatter-
ing corrections can be grouped into two categories; those
involving only the liquid helium itself (MS1), and those in
which one has at least one scattering with the enclosing
walls (MS2). Since our target is active, and we make a
cut on target pulse height, the multiple scattering events
affecting our measurements are only those producing a' s
of the requisite energy in the active volume. Heavy
recoils from the enclosing walls rarely penetrate to the
active volume, and those that do produce a negligible
amount of light. As a result, events in category MS2 are
dominated by a small-angle scattering in the walls, and a
large-angle scattering in the active volume.

The necessary geometric corrections for finite size,
MS1, and MS2, were obtained by performing Monte Car-
lo calculations in which the experimental geometry and
reduction cuts were incorporated. Calculations were per-
formed for various detector angles and various neutron
energies. In this manner an array of geometric correction
factors, 5(T„,8 d), was obtained. From this an array of
effective analyzing powers, A'(T„,ed„), could be con-
structed, where

the absolute magnitude of the analyzing power near its
maximum. It also leads to an uncertainty of a few de-
grees in the angle at which that maximum occurs. We
have used the results obtained at different angles to ob-
tain the angular shift. In Fig. 3 we see the experimentally
determined values of A' at a mean neutron energy
T„=67.5 MeV. We observe the data to be shifted for-
ward 1.5 +0.5'. At the lower energy (T„=50.8 MeV) we
find the data to be shifted backward 2.0'+0. 5'. We ap-
plied these shifts to the data to obtain the appropriate an-
gle at which to evaluate the function A~. Using these
factors we then obtained mean values of K~~ (bin). In
Figs. 4 and 5 we give the results for mean proton energies
T of 54.5 and 71.4 MeV, respectively.

In Fig. 6 are illustrated the results obtained for K,'
(bin), the longitudinal polarization transfer, at Tz =54. 1

MeV. The results at higher excitation were subject to siz-
able corrections because those lower energy neutrons
were precessed more than the neutrons in the peak for
which the dipole (D2) was set. Further corrections had
to be made for the contributions arising from a transverse
component in the incident proton beam polarization.

The data points in Figs. 4-6 are plotted at the mean
neutron energy of each bin, with the bin size indicated by
the spacing between the points. Also shown is the aver-
age value obtained with a wide cut, corresponding to an
average over the first three bins in each spectrum.

These preliminary results indicate a significant varia-
tion of K, and neutron beam polarization, with outgo-
ing neutron energy. Because the neutron yield is also a
pronounced function of outgoing neutron energy [see the
dash-dot-dashed curves in Figs. 4(b), 5(b), and 6(b)] and
the cross section for neutron-alpha elastic scattering
varies rapidly with bombarding energy, the effects of ex-
perimental energy resolution become an important con-
cern in extracting the intrinsic distribution.

In this experiment, the energy of the incident neutron
was determined by a time-of-flight (TOF) measurement
using the signal from the active target and the cyclotron
rf. Factors directly affecting the time resolution include
the uncertainty in the flight path of the neutron due to
the extended size of the production and active targets
(-0.6 ns), the time response of the active target (-0.6
ns), and the time structure of the proton beam burst

TABLE I. A sample of some of the geometric corrections applied to the data for an incident neutron
energy of 67.5 MeV. FG refers to finite geometry corrections alone. MS1 refers to corrections arising
from multiple scattering within the liquid helium. MS2 refers to multiple scattering corrections involv-

ing one scattering from the material surrounding the helium. Total is the sum of all corrections. A~ is

the analyzing power for point target and point detector, and A
'

is the effective analyzing power incor-
porating the geometric corrections.

L9d„(deg)

120
125
130
135
140
145
150

FG

13.5
10.0
6.6
3.8
2.1

1 ' 3
0.9

MS1

1.0
1.6
1.6
1.3
1.0
0.8
0.7

Corrections (%)
MS2

0.6
1.6
1.5
1.3
1.0
0.8
0.6

Total

15.1
13.2
9.7
6.4
4.1

2.9
2.2

0.423
0.809
0.983
0.946
0.829
0.698
0.576

Ay'

0.367
0.715
0.896
0.889
0.796
0.678
0.563
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FIG. 3. Experimentally determined values of A» (~ ) at a
mean neutron energy T„=67.5 MeV compared to the predicted
results (dashed curve) for A» in He( n, n ) He, obtained from the
He(p, p) He phase shifts. The solid curve illustrates the fitted

results obtained by shifting the dashed curve forward 1.5'.
These analyzing powers A» include the effects of finite geometry
and multiple scattering, and are not to be confused with the in-
trinsic analyzing powers A».
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intrinsic energy distribution of neutrons from the produc-
tion target was obtained from an independent measure-
ment with far better energy resolution (0.5 MeV).

For the energy dependence of K" and K,' we assumed
a simple function of neutron energy with the following
form:

K =a, +b,x+c,x, 0 x (x,
K —a2+b2x+c2x, x& x &x22

K =a3+b3X +C3X X2 — X3
2

(9)

(10)

where x denotes T —T,„which is identically equal to
the "excitation energy, " T denotes the neutron kinetic
energy, and T,„denotes the maximum neutron kinetic
energy.

The function is assumed to be continuous and
differentiable at the boundaries x

&
and x2. This results in

a fit to seven parameters. In all the fits there was no
significant evidence for values of b, significantly difFerent

from zero. Since the yield in the first region is strongly
dominated by the transition S& ~'So, we also expect K
to be almost a constant there. Thus, b, was fixed to zero,
resulting in a fit to only six parameters; a „c„c2,c3 x i,
and x2.

For each iteration of the fitting procedure, the whole
experiment was simulated and symmetries within a time
bin a calculated via

(12)

where f denotes the weight functions for the neutron
flux, cr' denotes the neutron-alpha cross section, A~
denotes the neutron-alpha analyzing power, and K
denotes the polarization transfer coefficient.

The final results of the fits for K„" and K,' are listed in
Table II. A comparison of these corrected polarization
transfer coefficients to those from the preliminary

analysis can be seen in Figs. 4-6. The final values are
represented by the solid curves, with the "one-sigma" re-
gions of statistical uncertainty bounded by the dashed
curves.

In the vicinity of the observed peak of the scattered
neutron flux this uncertainty is minimum, having a value
of —1.5%. Note that this occurs at an energy about 1

MeV higher in excitation than the energy at which the
bombarding neutron flux peaks. This is a result of the
rapid increase in cross section as the neutron energy de-
creases.

There is a systematic uncertainty of 4.0% arising from
the combination of a 3% uncertainty in the absolute
analyzing power for He(n, n) He, a 1% uncertainty in

the absolute proton beam polarization, and an es-
timated 2% uncertainty from the analysis procedure.
One should note that the absolute uncertainty in the pro-
ton beam polarization does not contribute to the sys-
tematic uncertainty in the neutron beam polarization.

V. DISCUSSION

A. Comparison to existing data

When one compares the average transverse polariza-
tion transfer in the peak region to other measurements
made in our energy range, ' ' the results of this experi-
ment are found to be more negative. In Fig. 7 are shown
our final corrected results at 0 MeV excitation, and when

averaged over 3 MeV and 10 MeV of excitation energy.
We see a significant change in the results when increasing
the energy range over which the average is made. The
50, 60, and 80 MeV data of Sakai et al. ' result from an
average over -6 MeV, and the 30 and 50 MeV data of
Robertson et al. ,

' from an average over —5 MeV.
These groups did not correct their results for the resolu-
tion of their apparatus.

Robertson et al. ,
' use a method similar to ours, but

the necessary corrections to their results are significantly

TABLE II. Results of the full analysis yielding the parameters used to describe the variation of the
polarization transfer coefficients with excitation energy (see the text for details). The curves resulting
from these parameters can be found in Figs. 4-6. The indicated uncertainties are statistical. There is
an additional systematic error of 4%.

Parameter

T~ (MeV)

Tp (MeV)
(MeV)

TAlax (M V)
al
bl
Ci

C2

C3

x& (MeV)
x2 (MeV)

K (Excitation=0 MeV)
K (3 MeV excitation)
K (10 MeV excitation)

K~ (71 MeV)

72.4
71.4
68.2
70.1

—0.48004
+0.00000
+0.00784
—0.00213
+0.00386

3.778
15.99

—0.4800+0.0130
—0.4511+0.0054
—0.3964+0.0068

Ky~ (54 MeV)

55.7
54.5
51.1
53.4

—0.44848
+0.00000
+0.00740
—0.00306
+0.0Ãi41

5.364
18.24

—0.4485 +0.0110
—0.4212+0.0048
—0.3550+0.0062

K, (54 MeV)

55.3
54.1

50.7
53.1

—0.11620
—0.00181
+0.00020
+0.01597
—0.00188

5.329
7.12

—0.1164+0.0130
—0.1186+0.0075
—0.1096%0.0120
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cy of our results, particularly for the absolute normaliza-
tion of the na analyzing powers used in the analysis.

B. Comparison to calculations

K„"(0 )

—04

—0.5

I I I I I I I I i I I I I

20 50 40 50 60 70 80 90

w, (Mev)

FIG. 7. Average values of K~ (0'). The data are from Ref. 17
(CI) and Ref. 18 (o ); the results of this work are for an average
over 3 MeV (~ ) and 10 MeV ($) of excitation, and in the limit
of no excitation (~). The indicated errors are statistical. There
is an additional 4% systematic error in the results of this work.
The solid curve is the prediction in the impulse approximation
using the Bonn (Ref. 42) and Paris (Ref. 43) phase shifts. The
dashed curve is the result using the empirical phase shifts of
Amdt et al. (Refs. 44 and 45).

greater than those of this work. We have made a rough
estimate of these corrections and find their corrected re-
sults to be roughly comparable with the present work.

Another possible source of the lack of agreement is in
the analyzing powers of the reaction used to determine
the neutron beam polarization. Sakai et al. ' use 0' neu-
trons from the 6Li(p, n ) Be (0+ state) reaction, with the
polarization of the neutrons assumed to be identical to
that of the protons from the analog reaction
Li(p,p') Be' (0+ state). This equality is expected to

hold if one assumes charge independence. This assump-
tion is far more restrictive than the one made in our
study, where we merely assumed charge symmetry, and
imposed realistic Coulomb corrections.

The results of our study of the longitudinal transfer
coefficient, E;, provide the only data for that observable
for the reaction H(p, n )pp below 500 MeV. Although
this quantity is found to be large at energies between 500
and 800 MeV, ' at 54 MeV it is found to be quite small

( ——0. 1).
This is actually expected as, for a reaction with the

spin structure 1+—,
' ~0+—,', one finds the following iden-

tity to hold at 0':

K' +2K" = —1 . (13)

= —1.013+0.026 . (14)

The excellent agreement with the expectation is con-
sidered a very important check on the internal consisten-

This applies to H(p, n)pp to the extent that we can
neglect the D state of the deuteron, and that the two
final-state protons are in the 'So configuration. Correc-
tions for these effects have been shown to amount to less
than 3%%uo at low excitation. %'e find at 54 MeV,

(
—0. 1164+0.013 ) +2( —0.4485+0.011 )

Exact calculations of breakup observables in the three-
nucleon system are possible, in principle, using the Fad-
deev equations, but are in practice very difficult to per-
form. Calculations that have been made restrict them-
selves to low bombarding energies and to relatively sim-
ple approximations of the nucleon-nucleon interaction.
In addition, no realistic calculation has been performed
which includes the Coulomb potential.

At the energies of interest to this experiment, one ex-
pects calculations based on the impulse approximation to
become valid. As noted by Phillips, ' an S state is
strongly favored at low excitation for the final proton-
proton state. Since the D state of the deuteron is small
and has little effect on the interaction at low excitation
energies, one may assume a pure S-wave deuteron wave
function. In this approximation one can then compute
the polarization transfer coefficient directly from the
nucleon-nucleon phase shifts. Following Sakai
et al. ,

' ' one obtains for the H(p, n)pp, S, ~'So tran-
sition at 0',

SC'(0 ) =
2/8[ +/F/

(15)

where B and F are simply related to the spin-dependent
central and tensor parts of the n-p scattering amplitude. '

Given this connection, one possibly can use E~~ (0') as
a means of distinguishing between potential rnod-
els. ' ' ' ' Of particular interest is the sensitivity of
E (0') to the tensor part of the np interaction. 's Before
one can use the new information from the three-nucleon
system to test the input from the two-nucleon system, one
must first determine the degree of uncertainty incurred
by the approximations made in this model. Phillips es-
timates that the biggest uncertainty comes from the use
of the impulse approximation, and that this amounts to
—15% at 40 MeV and -5% at 150 MeV. More quanti-
tative calculations' ' ' of the necessary corrections
yield much smaller results. We therefore expect the pre-
dicted values of K (0') in this approximation to be good
to +0.03 in the limit of low excitation.

We have computed Ei'(0') in this model using the
phase shifts from the Bonn and Paris potentials, ob-
tained using the program sAID of Amdt and Roper.
Because the results are nearly identical, they are both
represented by the solid curve in Fig. 7. Using the same
program, we have also performed calculations using the
empirical phase shifts obtained by Amdt et al. ,
yielding the dashed curve in Fig. 7.

Prior to this work, the available data' ' were in poor
agreement with the results of calculations using realistic
potentials. One finds, however, that the new data are in
good agreement with such calculations. The primary
difference between these sets of data is in the resolution
achieved and in the resolution corrections imposed, as
discussed earlier in this paper.

One also notes in Fig. 7 that there is a significant
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difference between the predictions of what are presently
considered realistic potential models (Bonn and
Paris ), and the predictions employing the empirical
phase shifts as determined by Amdt et al. The origin
of this difference can be attributed in large part to the c&

phase-shift mixing parameter. ' Because of the well-
known correlation between 'P, and c& in phase-shift anal-
yses of the present np data base, ' we have investigated
the sensitivity of K» (0') to both 'P, and c, &. We find that
the sensitivity to e, is much greater than that to 'P, .

In way of illustration, if we increase c.
&

from its empiri-
cal value4 of 1.0' at 70 MeV to 2.0', a value consistent
with the Paris and Bonn potentials, EC~ changes from
—0.55 to —0.52. Changing 'P, from its empirical value
of —8. 1' at 70 MeV to —13.0', a value consistent with
the Paris and Bonn potentials, results in a change of K~
from —0.55 to —0.54. The Paris and Bonn potentials
yield values of —0.50. At our highest energy, 71.4 MeV,
we obtain a value of —0.480 in the limit of no excitation,
with an absolute uncertainty of +0.019. This is in good
agreement with the predictions based on the potential
models, but in significant disagreement with the predic-
tions based on the empirical phase shifts.

and negative ( ——0.46) at low excitation and becoming
positive within 13 MeV of excitation. The quantity has
been determined with sufficient precision to permit a cal-
culation of the effective neutron beam polarization for a
variety of experiments to an absolute precision of 4%.

The longitudinal polarization transfer coefficients
E;(0 ) have also been measured at 54 MeV. They are
found to be small and negative ( ——0. 1) at low excita-
tion, and to become positive within 10 MeV of excitation.
In the limit of low excitation our results are consistent
with the expectation for a —,'+ 1~0+—,

' spin transition.
The transverse polarization transfer coefficient, E~ (0'),

has been shown to be sensitive, at low excitation, to the
tensor part of the np interaction. Our new data are in
good agreement with the predictions made in an impulse
approximation using modern nucleon-nucleon potentials.
They are in significant disagreement with predictions
based on empirical phase shifts. This difference can be
attributed in large part to the mixing parameter c.&, which
affords a direct means of probing the tensor force in the
np system.
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