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Abstract
We report the measurement of the polarization in the
reaqtion 7 +p* ° +n at an incidént-pion kinetic energy
(1ab) of 310 MeV and at an angle of 30 deg in the c.m. system.
The polarization was obtained from measurements of the left-
rigﬁt asymmetry in the'scattering of the neutrons from liquid
helium at lab-scattering angles of 75 and 125 deg. The

measured polarization is 0.24 + 0.07T.

I. INTRODUCTION
The experiment reported here was performed some time‘ago as part
of a program to obtain sufficient experimental daté on pion-nucleon
scattering af'TJt = 310 MeV so that a unique set of n-N phase shifts
could be determined. Although this goal was only partly realized, sub-
seqhent experiments and detailed phase-shift analyses have established

the n-N phase shifts rather uniQuely up to 1 GeV, and possibly up to 2

- GeV.
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Although the result reported here has been used in some of the .
detailed phase-shift analyses performed over the last few years, 1-k it
has apparently been omitted in some of the o’chers.s-7 Because of this,

and because our result has been omitted from a recent compilation of

pion—nucléon scattering data,8 we feel that it should be properly pub-

lished rather than only be available in its present obscure form.9'lo
Aparﬁ from the result of our polarizatioh measurement, the

experimental technique of using liéuid helium as a polarization analyzer

continues to be of interest.ll—l3

II. MOTIVATION

In 1959 an extensive set of measurements was begun on pion-proton
scattering at an incident lab kinetic energy of 510 MeV. Measurements
were first made of the total cross section, differentiél cross section>
and recéil érotén polarization in n+p elastic scattéring.lu Subsequentl&,
measurements were made of the same quantities in-ﬂ_p elastic scattering.15
All these results were-combined wiﬁh data on thé differential cross section
in charge-exchange scattering at the same energy,16 and a phase-shift
analysis was performed.17 Three acceptablé phase—éhift solutions were
found including partial waves up to F waves (4 = 3). All three solutions
gave good fits to the differentlal cross sections and to the elastic
polarizations in the angular region where they had been measurea (100 to 150
deg in the c.m. system). However, the solutions predicted very different \oor
polarizations at small angles, particularly 30tx;60 deg. This region is
inaccessible to the double-scattering technique of measuring polarizations,

and is also difficult with the polarized-proton-target technique.
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However,fthis limitation is not present in measurements of the recoil
neutron pglarization in the charge-exchange process. Moreover, it
appeared that the phase-shift ambiguities could be resolved just as
well by a;measurement of the polarization in charge-exchange Scatter-
ing. Thié is illustrated in Fig. 1, where the predictions for Pex(e*)
are plotted:for each of the fhree phase-shift soluﬁigns_of Vik and

17

' * *
Rugge. In this paper we report on a measurement of Pex(e ) at ¢

= 50 deg in the c.m. system.

TII. EXPERIMENTAL METHOD

For an incident pion lab kinetic energy of 310 MeV (momentum 430
MeV/c), neutrons from the reaction n~ + p = n°_+ n are ehitted at a
lab angle of 7h.2 deg and with a kinetic energy of 14 MeV for s pion
scattering angle of 30 deg in the c.m. system. This parficular angle
was choseh'because 14-MeV neutrons are readily made by the d + t 2 Heu +n
reaction,which could be used for test and caiibratioh fﬁrposes. Liquid
helium was chosen as the polarization analyzer because the polarization

in n-& elastic scattering is well known and is large at some angles.

Also, iiquid helium acts as a scint_illatog18 and this feature can be used
to rejectibackground and to make sure that the neutrons were actually
scattered byvthe liquid helium before being détected.
| A, Apparatus |
The experimental apparatus is shown schematically in Fig. 2. A
focused and momentum-analyzed beam of 310 MeV =~ mesons was defined
by a coincidence between counters A and B, with Cl and C2 in anticoin-

cidence.‘ The latter two counters formed an annulus with a central hole
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of 7T em diam through which most of the beam pa__éséd. The liquid
hydrogen ﬁarget (1H,) of 7.6 cm diam was surroﬁnded by a U-shaped
scintillation counter D with its open end facing thé beam entrance
window. Counter D was operated in anticoincidehée to select inter-
actions with neutral final states.

The polarimeter used in the experiment consiéted of a liquid
helium (LHe) target at the center of an array of neﬁtron detectors,
charged particle anti-counters, and shielding. The entire polari—
neter assembly was mounted on a base which could be ;dtated about the
vertical axis of the LHs target. The cénter-to-éenter spacing of the
IH, and.Lﬁe targets was 76 cnm. .ThevIHe target consisted of a 7.6 cm-
diam p&rex.flask, 15 cm high, enclosed in a 14 cm - diam vacuum jacket.
* The flask was coated on the inside with the wave-length shifter p,p'-
diphenylstilbene and crazed on the outside cylindrical surface. The
scintillation light was viewed by.two 12 cm - diam photomultiplier.
tubes through windows in the vacuum vessel. |

Two sets of neutron counters made from plastic scintillator were
used to‘detect neutrons scattered by the IHe target. vCounters V and
X were at 75 deg to the recoil neutron beam and U and W were at
125 deg. A thin scintillation counter used in anticoincidence was
placed between each neutron counter and the IHe target. The counters

labeled QI and Q2 in Fig. 2 were also used in anticoincidence.
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B. Pfdcedure
The electronic coincidence requirements discussed in the preceding
section were supplemented by two additional reéuirements-in order té
select.the neutron production and scattering événts of interest. For

each event satisfying the coincidence requirement. .
'AB(cl +C,) D (He-1) (He-2) Q1Q2(U+V+W+X) (0+7+W+X),

where He=l and_He-2 refer to the two phototubes viewing the LHe target,
and U, ¥, etc. are the anti-counters in front of U,V, etc., the pulse
height of the ﬁixed (He-1 + He-2) signal due to a recoil Q-particle was
measured and also the time~of=fligh£ of the neutron from the LH2 tafget
to the final detecting neutron counter. .This information was displayed
on a dual-beam oscilloscope and photographed; one_trace recorded the
pulse height in the IHe counter and the other trace recorded the output
of a time;to—height converter which meaéuréd th; time-of-flight. In
addition, four indicator lights, which designatedvthe particular neutron
counter into which the final scattering took place, appeared in each
photogréph,'

To measure scattering asymmetrieé, basically two measurements are
needed; the event rate for each neutron coﬁnter is measured, say with
the configuration shown in Fig. 2, and then counters U and W, and V and
X are intefchanged and the measurement repeated. -To avold any experi-
mentalvfalse asymmetries one has to be sure that:

(a) The neutron counters afe positionéd accuratély each time. This

was achieved by mounting the counters on an accurately machined and



positioned turntable anﬁ by careful surveying.

(b) The efficiency of each neutron counter remains constant. Between
runs the four neutron counters were exposed to a'6OCo soﬁrce and the
pulse-height spectra recorded on a pulse—heighﬁ analyzer. The analyzer
was gated and-routed by signals from the threshold discriminators on
each cdunter;i In this way the ratio of threshold level (2-MeV neutron
energy) to>Coﬁpton edge could be checked and readily adjusted.

(¢) The response of the IHe counter remains constant. The response was
first calibrated by'obserQing n-Q elastic scattering with 14-MeV neutrons
from the d-t reaction and by using 2}“‘Am a-particieso Between runs the
response was ehecked by lowering the EhlAm soﬁrce‘into the IHe target
flask. |

The remaining problem is.to calculate the analyzing power of the
' polarimeterQ

C., Polarimeter Analyzing Power

Because of the finite geometry of the experimenﬁ it is neeessary to
calculate the effective analyzing.power of the polarimeﬁer énd to correct
for any.false‘asymmetry, _The analyzing power ealculation is based on
knowledge of (a) the polarization in n-& elastic scattering as a function
of energy and angle, (b) the differential cross section and kinematics of
n°p charge-exchange scattering, and (c) the geometry of the experiment
and the efficiencies of the detectors. A set of n-O phase shift519

was adjusted to fit n-Q polarization data at 6, 10, 16..4,
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and 23;7,MeV20 in order to interpolate in energy and angle in the

region of interest. A more recent phase~shift analysis gives
polarizations in satisfactory agreement with the ones we used.21_
The calculation of the analyzing power was performed in a similar

manner and with similar results to a calculation published recently.22

‘The finite géometry has little effect upon the analyzing power exdept

that the large § acceptance of the neutron counters (which were 30 cm
high and 20 cm away from the IHe target) reduces the aﬁalyzing power
by 10%.  P1ural scattering of neutrons in the IHe target also result-
ed in a reduction of about 10%. The effective analyzing powers afe
given in Iable I. |

A more serious consideration is false asymmetry. A false asym-.
metry occurs in our experiment in the following way. The IHe target
subtends.an angle of + 5 deg with respect to the LH2 target. Because

the energy of the charge-exchange neutrons decreases as the emission

vangle increases, the upstream side of the IHe target sees neutrons of

a lower energy on the average than does the downstream side. Also,

the ;o&er-energyeneutrons correspond to a smaller pion scattering
angle where the charge-exchange cross section is larger. In addition,
lower-energy neutrons have a higher cross section for séattering in
the IHe target. Thus, because of the finite geometry and the close
proximiﬁy of the neutron,cdunters to the IHB target, in thé geometry
of Fig..E, counters U and V will have higher counting fates than X and
We The‘false asymmetries were calculated in the same computer program

as the analyzing power and are given in Table ITI.
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IV. ANALYSTS AND RESULTS

A. Data-Taking Procedure

The number of neutrons detected in each_countér for a given number
of n~ incident on the IHé target was measured under a‘variety of con-
ditions. The neutron counters were positioned either with U and V at
125 and T5 deg. right, and W and X at 125 and 75 deg. left (as shown‘
in Fig. 2), or in the interchanged position with U and V on the left
: aﬁd W and X én.the right. The LHe polarimeter was positioned at e* = +30
deg‘i(as in Fig. 2) or at e% = ~30 deg (i.é” at a neutron angle of Th.2
deg ‘to the left of the beam). The IH2 flask was either full or emptied of
Iﬂé.

The signal delays were set up to measure either "real" or "accidental"

coincidences. No "accidentals" were observed in any of these configurations.

With the ILHe polarimeter at a given position, data were taken with the
neutron deteétprs in one of the above configurations. The'detectors were
then interchanged and another run was begun. The‘runs were typically

8 to 12 houfs long, during which asiolo = were.incident on the LHé. Six
runs with alternating neutron detector positions were made at §% = +30 deg
and eigh% similar runs were made at 0% = -30 deg. During each run, data

were taken with the IH2 target in both full and empty condit ions.

B. Data Reduction
- Each event wasbaccepted or rejected depending upon the time-of-flight
and the correlation between time-of-flight and pulse height in the ILHe

counter. Most of the rejected events had flightvtimes corresponding to



the velocity of light. Scatter plets'of ﬁime vs pulse height indicated

that most of the remaining background events were associated with small
pulse heights (~ 2 MeV energy loss) in the LHe. Time-of-flight spectra
for the two sets of neutron counters are shown in Fig. 5 for both the
total data and accepted data. The total numbers of events observed in
the various categories are given in Table III. The accepted e&ent

rgtes are ip good agreement with those predicted by the same calculation
which produced numbers for the analyzing power and false asymmetry. The
rejected event rates appear consistent with the faet that the backward
neutron counters had twice the volume of the forward onces and were

closer to the Iﬁé target area.

C. Asymmetries
Once the accepted event rates, corrected for LH2 empty effect, for
each run were computed, the scattering asymmetries were calculated by
twe nethods. To jllustrate, consider two runs of equal statistical
accuracy, one with V on the 1left and X on the right (run (1)), and
run (2) with V on the right and X on the left, Let the observed rates
bé vy (1), X (1) and Vg (2), XL(2), Method 1 computes the asymmetry
at the n-0 scattering angle of 75 deg as
1 V(1) - xp(1) X (2) - Vg(2)

91(750) = 5 + :
. VL(l) + XR(]_) XL(e) + VR(2) (1).

This method eliminates any systematic error due to beam monitoring, but
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relies upon:V and X (and similarly U and W) having identical detection

e’fficiencies.25 Iﬁ method 2 the asymmetry is gi&envby .
. L |V @) - ve(2) X (2) - Xp(1)
e, (757) = = + ”
2 VL(l) + vR(e) : XL(2) + X.R(l) (2).

This method eliminates errors due to different counter efficiencies but
relies upon the dependability of the beam mon.:'Lto'r:'Lng;QL+ Both methods
are sensitive to the reproducibility of positioning the counters{ |
Asyﬁmeﬁries were computed by both methods.for_each pair of runs.
Then the'wéighted means for several pairs‘of runs were computed and
also tke prbbability P(xg) that_the deviations from the means were as
expected dqe t0 random errors alone. The resultsvafe given in Table IV.
The two methods give results which agree. Because of the somewhat
bétter f(xg), the asymmetries computed by method 1 were used in the final
analysisfv Note that the asymmetries change sign asvexpected when e* goes
from left to right and when the n- & scatterihg angle goes from 75 to 125
deg (seé Table I). Asymmetries computed for the rejected daté and the
Iﬂé-empty data were all consistent with zero and showed no correlation

for the different conditions.

D. Final Results
Final asymmetries were computed from the measured asymmetries

*
e, (0,8) with the expression L

€ = (em - ef)/(l - emef)} (3)10
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Polarizations are then computed from

P (g% - (0 ) o*

PA(e) l(cos¢>| Xre*}

: _ | %
and are given in Table V. The polarizations for.the two signs of ©

and for the t&d-diffefent angles are consistent in sigh, are all
individuallyinén-zero, show a reasonable statistical'sbread, and
average to“a fesult which is 3.5 standard deviations from zero.
Althougﬁ 1iberal errors have been assigned té PA(e), to the plufal‘
scattering éorreétion, and to <cos@>, the final errbr of + 0.07 comes

largely frpm‘the counting statistics.

V. PHASE-SHIFT ANALYSIS
Our result for the polarization in charge-exchanée scattering was
used, together with the same data used by Vik and Rugge,l7 to determine

the n-N phase-shifts at 310 MeV up to F waves. Four possible'solutions

were found of which two were much more'probable fhan the others.lo

Considerable difficulty was encountered in fitting the charge-exchange

15

cross sections16 and to some extent the n"p elastic polarizations} We

will not go into the details of the phase-shift analysis here, since it
has been superceded by othersa’h which have included more new experimental
data. The phase shifts of our most likely solution all agree within the

errors with those of Arens et al. ahd Bareyre et 3}.3_ This is remarkable

25,26

because Bareyre et al. used new data on n"p elastic scattering and new

27

charge-exchange cross-sections '. Arens et al. in their analysis supple-

mented these with their new results on n"p elastic polarizations.
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In Fig.yh we show the fit of our most likely phase-shift solution
to oﬁr experimental point for the polarization in charge-exchange
scattering. ,Aiso shown are the fité from the solutions.of Bareyre et al
and Arens et al. u
VI. SUMMARY

- We hafe obtained the value 0.2L + 0507 for thé polarization in
n~p charge-exchange scattering at 310 MeV and 30 deg in the c.m.
system. This constitutes one of the few measurements of charge-exchange

polarizatioh,and so far the only one below 2 GeV. This result, together

‘ 2 ,
with new data on n™p elastic scatteringh’ 5,26 and new charge-exchange
Cross sectioﬁs27, has permitted what appeafs to be a unique phase-shift
solution to be found at this energy.3’u
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of polarimeter analyzing power.

Effective polarization in
n-0 scattering with finite
geometry.

Reduction féctOr due to
plural scattering

Effective ahalyzing

power, ?A' :

Average {cosp|

n-Q Scattering angle

0 = 75 deg

o = 125 deg

=0.67 + 0.07

0.90 + 0.07

"Oa 60 i Oa 08

0.90 + 0.05

40.76 + 0.08

0.90 + 0.07

+0.68 + 0.09

0.90 + 0.05
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Table II..
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' C o ‘ * -
Calculated false asymmetries, ef(e )R

Pion c.m.

angle
9%

(deg)

430

=30

n-0 Scattering angle

g = 75 deg : 8 = 125 deg

+0.055 -0.019

+0.055 . +Q.Ol9
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" Table V. TFinal results for the polarization in a1~ + p

n© + n at 310 MeV and 30 deg in the c.m. system. J
ke
Pion c.m. o . n-0 o v '
angle, ©"  Scattering e e emen
v(deg') ' . angle, © - . Polarization '~ ]
L - (deg ) - ~ ’
o 75 " 40.25 + 0.13 - |
+30. . _ T
o 125 +0.25 + 0.16
(CE. ’ +0.17 + 0.13
=30 -
125 +0.31 + 0.15
Final average : +0.24 + 0,07
- vt A Y
{
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Figure Captions.

Fig. 1. 'Pfedi¢tions of the polarization in'ﬂ—,+ p~*n + r© at

310 MeV from the SPDF phase-shift solutions of Vik and Rugge (Ref. 17).

Fig. 2. | "Experimenimental arrangement. The liquid helium polarimeter is
shown fOr?a ﬁ;N scattering angle N ; + 30 deg 1in the c.m. system.

The forward neutron counters V and X are shown at n-O scattering angles

g = 75 deg :right and 1eft, respectively; the backward counters U.and W

are at © = 125 deg right and left, respectively.

Fig. 3. Time-of-flight spectra of total events and accepted events,
acéumulated by (a) the backward neutron counters U and W, (b) the for-
ward counters V and X. The peaks on the right cofréspond.to partiéles
travelling with the velocity of 1j'.ghta The actual time-of-flight
increases from right to left. The lines marked Atcalc indicate the

expected time difference between y-rays and charge-exchange neutrons.

Data obtained with the liquid hydrogeﬁ target empty have been subtracted.

Fig. 4. - Experimental result for the charge-exchange polarization at
310 Mev éndffits fram three independent phase—shift analyses. The dotted
curve is the result of our most likely phase shift s?lution'(see Ref. 10);
the solid curve is éalculated from the phase-shift solution of Arens et 2;?

and the crosses from the fit of Bareyre EE.E&°3
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: o

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or '

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. :

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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