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F. Betz , J. Arens, 0. Chamberlain H. Dost', P. Grannis,
L

M. Hansroul, L. Hollecway. C. Schultz . and G. Shapiro

Lawrence Radiation Laboratory, niversity of California, Berkeley, California

The polarization parameter in elastic proton-proton scattering has
been measured using an unpolarized proton beam and a polarized. proton
target. Measurements were taken at laboratory kinetic energies of 328,

B

614, 679, and 736 MeV in the anguler regions Irom 33 to 110 degrees

center-of-mass. The results indicete that the maximum polarization at

a given energy increases in the region from 5238 MeV to 679 MeV. At 328

¥

MeV the results are in good agreement with those of a previous experiment

at 315 MeV performed by the double-zcattering technique.

.x. - : .
Work done under the auspices of the U.3. Atomic Energy Commission.
+ . N . . . o e .

Now at Space Sciences Laboratory, University of California, Berkeley,

- California.
t Now at Center -¢ aval fnalysis, frlington, Va.

Now at Columbia University. Iow Yora. H.Y.

o



~}:
WS
Ne]

UCRL 167

I. INTRODUCTION

Although the phenomenologica
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interaction has been in a fairly setisfactory state for several years
up te kinetic energy 200 MeV,” extension of this knowledge to higher

energies has been slow, due in part to the relative scarceness of

+

eXperimental data, and in part tc the rapidly increasing number of
praramnecters required.2 Irom the work done up to 300 MeV, as well as
that on the pion-nucleon interaction,j it appears that a promising
road to a satisfactory description of the nucleon-nucleon interection
lies in an energy-dependent phasc-shift analysis. For this reason we
have measured the polarization in elastic p-p scattering at several
energies between 300 and 740 MeV. The availlability of a polarired
proton target enabled us to take data at a greatly increased rate
compared to the former ly-uced doubl;—~cutrcr1np technigue, as well
as at many angles cnd n155 cnabled us to aveid some

non in doublefscattering cxperi-

of the source: of systematic errors o
ments, such as SPUrious acywmetirics cdue o counter misalﬁgnment and

uncertainties in the angular and onog drpendence of the anal
O X

pover.

Because of the epin-state maliinlicity of the nucleon-nucleon
system, a large number of independent cxperiments must be performed
at each energy if the phenomenclogical analysis is to have any hope

of success. These inclvde, in zdditicon oo cross-section and polari-

zation measurements, "trivnic trring ond spin correlation experi-

ments as well as inves ©l tho inclastic processes. Some of

these have been performed at various lavoratories, and we have recently
completed a measurement of Cinr 23 a function of angle at 680 MeV, using
a polarized beam and polarized targes. 5till, g number of other types
of experiments will be nceded bolore a pharo-zhift analysis can be
completed.

The formal do-oripticn oo maclocn-nucleon scattering has been

(3

carried out by a large number of authors in various degrees of com plete-
>

ness and complexity. Weoprasent onls fhose ideas directly pertinent to
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this experiment. In a proton-proton scattering exporiment in which one
of the initial state protons is polarized, the ngular distribution of

scattered protons is gi-wo:n by

where IO(@,@) is the anguler distribution if both incident protons are

-—
olarized, P, is the polarization of +the polarized initial state pro-
P > 5y I ¥
—
ton, and PO is the analyzing vower in p-» attering, defined as
2 s & Mok J
SN PN Lo .~ ‘

Ioi‘ (G/ = Tr Mo . (I-2)

and the direction of P'(g) mzy oe shown to be parallel or antiparallel
to the normal to the scattering vlans i one assumes parity conservation.
In Eq. (I-2) M5 the scattering matrix, and by G we mean the direct
product of the Pauli spin matrix for the polarized initial state proton
for the unpolarized proton. P'(H) is the
azimuthal asymmetry resulting if the polarized incident protons ar e 100%

polarized, where asymmetry ¢ iz

and ¢ = 0 indicates that Pi and P ooro vorallel, © = x indicates
they are antiparallel. TFor the purpose of measuring P'(0) , iy is

immaterial which incident -is polarized. Since

the discovery of polarization =ffceis in high-energy cscattering; such
measurements have been n d beam through scatter-

e following paper7 were

ing. This experiment

the first measurements of F'(0) used a polerized target.
Under the assumption of pariiy and time-reversal invariance of M ,

— - N
P'(9) iz equal to the polarization P(0) . defined as

s
—~
WO
~—
]
-1
=3
H

- - n
P(6) 1is the polarization that recuits from scattering unpolarized incident

two quantities P(0). znd F'(0) rave ucually been used interchangeadbly,
and we follow this practice %y referrines to our result az +:2 "polarization

parameter’. This polarization parameter as defined by Eq. (I-1) is also
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correct relativisticallv as pointed out in the followins vaper.
- S Mk

II. EPFRIENTAL

The Berkeley 18L-inch synehrocyclotron accelerated prosons to a
fixed energy. Various thicknesses o

this maximum energy to lower encrgics

beam was formed makes it unlikely o of

sement prohibited
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plane of the scattering. Figure 1 chows a dizgram of the beam system.

The plane of the scattering was

The energies of the beams wore

beam energles used were 736 * 5 MoV, 679 £ T tev, 61k £ 5 MeV, and
328 * 6 MeV. At encrgies 736, 679, and 323 MeV, the beam spots at the
target were from 1.5 to 2 times the ares of the target. At 61L MeV, the
beam spot was approximately the cisze of the target.

In order to keep the ratc of accidertal events counted by the
detection system at a amrl7 frection of th toital rate, the beam inten-
sity was held below LO protons/cee durine all data-taking. Variations

Fa)

in beam intensity of a factor of 2 did not change elther the rate o

Fh

hydrogen events or the backeround rote. Tre beam was used in the -
()

. ' . . N . . .
"stretched" mode, providine a cpill o 12 moce. duration with a repeti-

tion rate of 64 per sec.

B. Tarsct
B Tarse

The polarized target wr~d in the ciporiment has been seribed elce-

,10 ;
here in detail.”’ Only e bricf swmiery is given here.

The target itself consists of four Tingle crystals of LaﬁMga(NOT)l -2k h20 .

A small fraction of the La iocn: v oon roeplaced with the paramagnetic

1k2 L.

ions of N4 s and the the waters of hydration are

polarized by the techniguc of The hydro-

gen nuclei provided a polaxrized proton target with an equivalent thick-



ness of 0.15 g/bmg.

The crystals are cooled

»

i
o
has been lowered to about 1.2

helium with a mechanical punp. An

splits

applied to the crystals

The polarization of the target

]+

es

the population dens

P,

ﬁ<+l/
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o3

h whose temperature
vapor pressure of the
18.75 x¢
-1/2 protons.

or

fractional difference in

- 1(-1/2)

T

H(+1/
At this temperature and field the Ro
P

energy states provide a "natural’

2

higher polarizations of either aign,

¢

.
ne ¢

microwaves of frequencies nea

The parazmagnetic Ndl 2

r

electrons with an effective

hoz

of as unpaired electrons
protons of the hydrogen nuclei.

When the microwave fre g uerne

the forbidden transitions, corre )
spin flips, large proton polari
the relaxation time for the
relaxation time for the proton spin
relaxation time for the electron spil

that of the

o
1

whereas proton fiip

Ty v
L;J I8¢

ion can successively f1

tion of the proton pclari

necdymium center 4

mutual flips of neighbo

ring i

zation and by =pplying the Zoltzmann
the "natural” polarizaticn of the pe
the lizuid helium bath ot *- Ak
field H.-to be
0
PO = tanh

polar

“electron’

(r1-1)

“) TE(Ci/2 )
1tomar
ization of 0.16%.

tributions in the two

~

1 dis
To attain

ave irradiated with

RC for 18.75 xG).
-1/2

n be thought

the crystals

lectron resonance (71

pin

ot ahhorine
SRRTNDOTING

propriate for saturating one of

din

to simultaneous proton and electron

that

o
L

oo
Cili

are induced. It is import:

1 opin f1ip be much less than the
lip. For the present target the

n flip is of the order of milliseconds;

soue 15 minutes. Thus each neodymivm
soring proton spins. TFurther propaga.-

eighborhood of the
interactions, which caus
definition of the polari-
the usval way, one obtains
conc-in thermal equilibrium with

in the external magnetic
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When one of the forbidden transitions is saturated, the proton polarization

should approach

U =
S
P = tamn —0 II-3)
T 2 kT
At the field and temperature us~d. this ic atout 88%. For various reasons,
the theoretical value is not reached. During the experiment, the average

- . 2
target polarization was 40%.
An extremely impoertant feature of the polarized target is that high

i it g

polarizations can be cbtained along either of two opposite directions--

field--without *evers
2,10

parallel or antiparallel to the

The Ciroetion

the field, by the proper choice
of polarization can be reversed in about 15 min. by changing the microwave
frequency by 0.2%.

In the scattering experiment the cleoments in the target, ot he“ than
(a3 E b

hydrogen, generated events
were primarily of two kinds: ic seatte ; £ incident beam
protons with bound in whe nuclsl of the nonhydrogen elements, and
accidental coinci scatter-
ings occurring withi e3 tion tim ! ! e circult.

To evaluate the shape of the baciro .4, we constructed a dummy target

to simulate the crystal target in kinds of atoms and in their respective

nroportions by weight. At each measured counter position and energy,

runs were also mae with the aurmmy s were made to keep

all other conditions of the experimental setup identical between the set

e I e e A R T RS RO T e
il \_4,'\”-' vl - oA rg_,

of dummy target runs and

An upper and a lower zrrav 0f 10 ceintillation counters each wer e

used to detect the clastically scatiored protons. A count was stored in

o
[}
0

in of a 100-channel analyzer Tor ezch event deizcted, n
element of a 10x10 matrix. Figure 2 depicts the counter arrangement.

istances from the target were
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chosen to maximize the ratio of the elastic p-p scatterings to the back-
ground, consistent with the desired anmul

Since gquasi-elastic scatieri

in the nuclei of the nonhydroge: elemernie of the target were prime contri-

butors to the background. advant

The

ine

tons in the nuclei have an svorace rornt

[

9]

orientation of this momertium is rencem, and its effect is to smear the

rouzh an angle 9 R 200 (M °V/b)/h Qrﬁﬂ/c

TR o -

trajectories of the scatterine
centered about the trajectcrics on elostic reottering would hove had for
the same center-of-mass-angle scattering (here pj represents the lab
momentum of either scattered
Counters DA s D
target. Their coincidence was
of each run. The ion chambe
looked at the ion chamber),

normalizing monitor and the

0
ot

The center-of-mass sc

counter matrix were determinggd

from the center of the target to the counter arreys in the laboratory

frame. Ve estimate *hot the cnlen Lot zneles are correct to center-

of-mass.
An experimental measurcment of P(G) , at & given energy and with

given setting of the counters, consiched of storing elastic w-p events

D

nd magnitude of the target. polari-

{

under conditions in which only the

.zation waere allowed o change, wire rwored for a given number of
monitor counts with the spinc of the terget protons aligned parallel to
the normal to the Plane of scatiering and then for an equal number of-

monitor counts with the spings The target polarization was

reversed about once an hou

120 TARGET POLARIZATION

The polarizaticn of “he free crolons in the target was measured by

monitoring their nuclear rezononee signal. The crystals were

positioned in the center oi an rf pickun coil that consisted of two rectan-

gular "figure- eight" loons Figure  shows 2 sketch of the crystals and
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NMR pickup coil. Two crystals

num septum used to guide the
field configuration in the reed

from the coil were connectied

forming an effective

is a schematic diagran

drove the circuit at resonsnce. This generator fed the tuned circuit
through such a large capacitive reactance A that it couwl o considered

as a constant current scurce. When the freduency of the rf generator

passed through the proton resonance velue v appropriate to external

laa
¢t
)
foF]
§]
3
o]
(3

magnetic field HO » The proton spin cystenm ébsorbed or emi
to the rf field (depending u
predominanatly parallel or antiparallel to the field). This appeared in
the resonance circuit a3 = change in the impedance of the eircuit. Since
the rf generator effectively mererated a constant current, this change in
impedance was detected by measuring the linearly - lated voltage change

of the circuit. To facilitate the Ooservation of t
nal magnetic field vwas rerturbed with a2 small alternating 400-cp3 compo-
nent. This was achieved by a pair of coils {of approximate Helm
geometry) placed against the nole Faces of the target magnet and feqd

by an alternating current of 400 cps. The megnitu

was restricted so that the periurvation wo

disturb the stability of the olarization method. This perturbation

I3
of the field manifest itzcis <. . colietion system as a Loo-cycle vopdi-
tude moduliition on the »i RECARVET AN ri voltage across the resorance

circuit was amplified and then, oy moans of a jicde, rectified. The
dicde voltage gave 2 LO0-cycle signal whece amplitude was proportional
bsorpiion curve. This signal was
amplified and converted by a lock-in phase-sensitive detector to a propor-

tional dc signal. This ciernsd e sentins the derivative of the VR
L) B .

line, is called the It was recorded on a chart

recorder and simultancously digitized and recorded on paper tape.

e}

Concurrently the dc voliare level of the rt rectifying diode was

digitized and recorded.
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A complex rf susceptibility X =% -1x" can be defired for the
crystals. The complex Susceptibility X is proportional o thé polari-
zation Pﬁ . though the »f Susceptiniliisy of +he crystal cannct be
derived from a single Lorentz share, It can be thought of as & linear
sum of the 48 singl

i
shape factor g(w-7H)

that is, g 1is proportional to the ebzorption line-shape. Here w is
the rf angular frequency. » iz ' wroton grromagnetic ratio, and H
is the external magnetic field, including the LOC-cycle verturoing

component.
The integral of g(w—yH) over all freouencies is a real constant,

and g is usually normalizsd

ever, while remaining 7o

T
J
quite drastically for higher polarizations due to the chonging polariza-

tion of the nearest-nc

the proton magnetic resonance carnot e used as a measure of the polari-
zation; however, the area under “he zZosorviion curve is a good measure,
as will be shown.

The complex impedance 7 of the tuned circuit cn be written as

where ZC = L/iwc s and C dis the % o7 the varallel capacitance.
The impedance ZL is the sum of recistive and inductive impedance of
the circuit.

Ze = R+ ieL(1l + bmy ), (111-3)

where L 1is the inductance of the ccll in the absence of resonance absorb-
tion and 7 is the fraction of the volime of the coil occupied by the
crystals.

‘The quanities detected were V and ~— (where i35 the peak

voltage across the circuit), which. assuming a2 constant current source.

9]

. | ozl . X . o
are proportional to ]Z[ and. ~é;* respectively. Since the circuit ha

-

a large, nearly real impcdance near rescnance, and since in wractice
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X <R <KaL , the exurozsion for [Zj roduces 1o

N
toi _ A8L) TT-U
= ey . At -t
! Z! I‘.\_}.;Lif} ’\“ (I )
13
Hence 2
2z (o) 2y _
—2L = el L (111-5)
Clz e [ IS T W =B
[ atads h ;
Sl =l 7/
and
N -
;2_ 2 «< (I1I-
N
Ve oo
et T =
o - P el T

rr
’_J-
jn}
)
)_.l
}._.l

[akes] ~
. - N f e
\/ dw ;o dw JIII-7)
o 7. N
0] ¥} Lo
~ ~
i - o
(e P:_[’ 55 = "'T s (I..LI"'U)
Y O -

because of the normalizotion -2 -~ .
Thus a double integr:
differential signal d¢id
rectifying diode gives

the target. The double

on an IEM 7094 computer.

The procedure for calih:
ment consisted of recerding
in thermal equilibrium -Ath
were present to stimulete t

called the thermal ecuilivriim

being recorded. the VEROY nrescire o the liguid helium was measured wit

an oll manometer and thc

occurred was noted. Tho wrmroor =rccooen 1o cifectively a measure = the

temperature of the systeom, i-resonance frequenc: 2 measure

Y
of the strength of the cxternal absolute magnitud:: of th

2]

target polarization is commuted

l'\)
~—

conditions from 7. (II-

80}
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In the center-of-mas:

a s0lid angle A0 at a

that were accumulated du

N
i
where
m, = monitor c- itz (m. « numbor o ‘neident protons X solid angl

of cow:ler {as
I. = unpolarized a&i

ing in c.m. systenm

it was parallel

In order

normalized to the total of

polarized *target. T

evaluate the polarization ICBNE S

L1, Trom the data, the hydrogen

counts versus target polarizobtion were vitied to a straight line by the
method of least souvarcs.

O crror are:

(¢) Statistics in the fiat rericns of the matrix that are use

(e) The estimation o

a rn. The error in ; Loodetermined from the scatter in
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-~
+
~O

of calculated polarizations verszus reak-to-peak recorded signals
of the NMR proton resonance of the target. and ranged from L4.5%
to 5.5%.

(f) In addition to the ahove sourcez of error a
arose from measurements of (2) the area of the TE zroton rcsonance

signal and (b) the temperature o the liguid helium bath when the

13

signal was recorded. The accuracy with which the oil manometer
indicated the vapor pressure of the Jiguid helium contributed an

uncertainty of 3% in the valus of the absclute polarization of the
average TE signal. The average arce of the TR signals was estimote
to be good to #5%. Combining these errors in guadrature gives system-

atic error of

of error.

If the polarization is

can be introduced. Early in the exverimeni, ofter some data had been taken,

a small beam of approximateoliy 1/4 din.
of the target and the asymme:
-In this manner a contour di

1k

A correction was made ©

target polarization. At oth

tion was necessary.

The measured values of

proton-proton scattering arc
graphed in the Figs. 5 throu
polarization parameter is
and the negative of the invoriont
t . For elastic p-p scat
sion © = -2k2(l-cose

c.m
2 £L i -, oy e ~ R e e
chree-momentum in the CCnier-or-manss 2vasem.

rigure 5, which shows he zoot of Ple) at the ene gy of 320 MeV,
]

[¢]

E R +9 ~eey T ey I IR R S S P =
ontains also the values measured Sy Unzmecrliain et al.

wzen the results of the o

]

cattering experiment. The
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experiments might be regarded s =viden
the terget polarization is satiziactory. Although we have not seen any

reascn to doubt this method, the aszreoment does represent the best check

to date on our method of mezcurine Laroot polarizavion.
VL. CONCLUDIONT

1) The shere of the P(42)  curve i roughly the same at all the
. . . . o R
energies studied, showing a brood wmocls o) z2bout 20%e.m.. and ralling

Ooff at larger angles, to zerc of 707 c.m.

2) The maximum polarizati

a2t aboub 700 MeV, corresponding Lo o tois ] onergy in the certer-of-mass

system of 2210 MeV.

We wish to thank Mr. J. Vaie of the 184" cyclotron

at Berkeley for their support.
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Table I. Polarization par&meter‘?(@) in elastic p-p

9 0.045
.349 0.031
4 0.025
347 0.022

0.162 646 0.255 0.020
0.177 64.8 0.256 0.027
0.493 65.1 0,104 0.024

0.210 T 0.1565 0.023
0.227 TAT 0.187 0.023
3 Q.00

0.302. &£8.9 0.046 : 0.027

0.322 Gl.0 -C.008 ’ 0.025

0.343 5605 -0.054 0.024
0.365 100G -0.094 0.027
A zystematic error of { ST, K OFP wust be added in guadrature to

the avbove errors AF(0).




Polarization parameter P(0)

in elastic

UCRL-16749 "

b-®

scatiering for incident 1iab Kinesic enersy
of 61kz5 iev.®
-t[@%\’)z] O =200 AP(0)
+0.015 *=2°
0.271 58.0 0.505 0.019
0.3143 2.8 G.AT2 ~,049
0.344 66.2 C.ai3 0.020
0.356 67.5 0.019
71.9 $.325 0.048 '
401 T2.3 0.357 0.019
3 - 77. 0.238 0.016

Co
W
[S20N o8

0.015

a

A

the above errors

. ~ /o
systematic error of (=

v

ERCVEY] X P omu

AP(6).

zéded

in

guad

ravure To
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O

1]

>

w

o~

'\\.

4]

O

D

Ut
O ~J

[S8] Co

(] [}
SO OO
LT A oY)
-~ N O w

O
oo
W
9]
(@3]
b
> ()
W
[SS N
0O

0
0.266 54.3 0.5 0.G613
0.294 57.4 0.434 0.018
0.324 60.5 0.430 0.047
0.354 63.7 0.299 0.018
0.386 66.7 0.363 0.C19
427 7O J.293 0.030

0.460 76, 0.247 031
0.522 TG0 0.4514 0.034
0.555 DLLD 0.0753 IRV
- .
D 2 3y ~o TN e 3 3 = 3 4
A Sysvematic error cf | 5 00 A~ 2 WuEy e added in guadrature to
- e

N NI PN
Tthe above errors AP(9).
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Tedle IV. Polarization porameter P(§) in elastic p-o
1ab xinetic enexrry
Bet
-t [(EE)?) S 2(0) AP

£0.0% e

0.408 32,5 0.57¢9 C.04¢9
0.4129 2500 G.579 0.0235
0,452 55.8 C.353 0.047
0.477 2.0 0,550 0.014
0. 203 hLd 0.559 0.015
0.231 £8.,3 0.528 0.011
0.260 GRS 0.520 0.011
0.2914 54,6 0.4G7 ¢.013
0.322 57.7 0.498 0.013
0.354 50,9 0,473 0.044
0.404 65.5 0.449 0.018
0.437 68.4 0.365 0.017
0.470 Ti.4 0.342 0.04%=
0.504 TS0 0.204 0.0148
0.538 77.2 0.231 0.048
0.573 30.2 0.180 0.043
0.609 85.2 C.144 0.0253

% A systematic error of (if’gﬂ) X P must be added in quadrature to
the above errors AP(0).
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Fig. 5. The measured valucs o, - o inoen scattering at 328 MeV. The

errors shown do not inci: 5 cicoerrors (sce Table I). Shown for
comparison are the data of ooining Segre, Tripp, Widgand, and
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Fig. 6. The measured valucs of © (V1in pep scatlering at 614 MeV. The
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errors shown do not inciude systematiov
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission,

A.

nor any person acting on behalf of the Commission:

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



