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Polarization transfer in p- He elastic scattering
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Angular distributions of the polarization transfer coefficients E."„,E"„andE'„(Wolfen-
stein parameters R, A, and D) were measured at 16.2 MeV for 3He(p, p) elastic scattering.
The angular range covered was 30' to 90' (lab) in 10' steps. The experiment used a polarized
proton beam of 150 to 200 nA, a liquid-nitrogen cooled He gas target, and a He-Glled pro-
ton polarimeter. The transfer coefficients are well described by an R-matrix analysis of the
p-3He system.

NUCLEAR REACTIONS He(p, p): & =16.2 MeV, ~ =30—90' (10 steps); mea-
sured polarization transfer coefficients.

I. INTRODUCTION

More accurate data over wider energy ranges
are continually being added to our knowledge of
few-nucleon systems. There is a definite need to
correlate these data in order to determine a con-
sistent data base, to predict observables where
data does not exist, and to point the way to new ex-
periments. Such analyses are underway in this
laboratory by Dodder and Hale' in the form of
multilevel, multichannel R -matrix calculations on
the four-, five-, six-, and seven-nucleon systems.
The addition of polarization transfer data proved
to be useful in the analysis of the five-nucleon
system, ' and the present experiment was intended
to add in a similar way to the four-nucleon system
analysis.

In addition to differential cross sections and ana-
lyzing powers in four-nucleon reactions, ' angular
distributions of polarization transfer coefficients
have been obtained for 'H(3, n)'He, 'H(2, $)'H, ' and
'Hg, n)'He, ' and spin correlation coefficients for
'He@, p)'He. ' In order to fix the T = 1 levels in
'Li, it was decided to parametrize the p-'He chan-
nel via the single-channel R-matrix formalism
before attacking the multichannel case. The pres-
ent experiment was intended to contribute to this
analysis' by providing further constraints on the
scattering matrix at one energy. We chose the
bombarding energy of 16.2 MeV for this experi-
ment because analyzing power data for both polar-
ized beam" and polarized target" and precise dif-
ferential cross section data" were available at
this energy.

p, ,(e)I(e) = I,(8)[p,z, '(8)+p~", (e)],

P, (8)I(e) = I,( )8fp' (8) +p, K", (6)],

p, ,(e)r(e) = I,(e)[p,z,"(8)+p.z", (8)l,

(1)

(2)

(3)

where the differential cross section I(8) is related
to the unpolarized differential cross section I,(8)
by

I(e) = I,(e)[1+p,A, (e)] .

A, (8) is the analyzing power for the reaction and
P"(8) is the polarization function. The coordinate
systems used are shown in Fig. 1. The projectile
helicity frame is described by the coordinate axes
x, y, and z and the outgoing particle laboratory
helicity frame is described by the coordinate axes
x', y', and z'. The z and z' axes are along the in-
coming particle momentum (k;„)and the outgoing
momentum (k,„,) respectively, while y and y' are
along k,„xk,„,. The p, in Eqs. (1)-(4) represent

Polarimeter

tgoing protons

by Wolfenstein. " These equations are directly
applicable to this experiment, but we adopt the
more modern notation of Refs. 14 and 15. In this
notation the outgoing spin —, polarizations are given
by

II. FORMALISM

The equations for polarization transfer in a re-
action with spin structure ~+A -—2+B (the spine
of A and 8 are arbitrary) were first written down

=z
Y

Incident beam

FIG. l. Illustration of laboratory coordinate systems
described in the text.
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the beam polarization, while the p; are the outgo-
ing spin —, polarizations in their respective refer-
ence frames. Although y and y' are identical, we
retain the prime in order to differentiate between
incoming and outgoing quantities in the primary
reaction. K'; (8) are Cartesian polarization trans-
fer coefficients. "

The K'; are related to the Wolfenstein param-
eters as follows:

K"„=R, K". =A. , K" =D
y (5)

K' =R', K' =A. '

For elastic scattering we have the relation

which follows from time reversal invariance.

III. EXPERIMENT

A. Beam and target characteristics

A 2.5 cm diam gas cell covered with 6.3 p, m
thick Havar" foil was suspended in the center of
a scattering chamber by a liquid-nitrogen filled
cryostat. The cell was cooled to 77 K and pres-
surized with 99.5% pure 'He to 4.8 atm. The pro-
ton bombarding energy of 16.45 MeV gave a mean
energy of 16.23+ 0.12 MeV in the gas cell.

The 4He gas-filled polarimeter used to determine
the scattered proton polarization has been des-
cribed previously. " For this experiment it was
mounted in the scattering chamber with the front
aperture 5.0 cm from the center Gf the primary
target. Square apertures 2.2 mm on a side de-
fined the primary scattering angle to +2.5 full
width at half maximum. After entering the polar-
imeter through a 12.7 p. m thick Havar foil and a
100 p, m thick silicon passing detector, the protons
were scattered from 20 atm of 'He gas into 1X 5
cm side detectors. A series of vanes defined the
secondary scattering angle to 60~ 7.5 where the
analyzing power of 'He is about -0.6 over a broad
energy range. The calibration of the polarimeter
analyzing power is described in Ref. 17.

The polarized proton beam was produced in the
Los Alamos Lamb-shift polarized ion source and
accelerated by the tandem Van de Graaff acceler-
ator. A spin precessor between the source and
the accelerator allowed orientation of the proton
spins in the three directions required for the mea-
surements. The beam polarization was determined
several times during each run by inserting a Far-
aday cup at the high-energy end of the accelerator
and measuring the ratio of the beam produced in
the ml =+2 state by the nuclear spin filter" to the
unpolarized background. This "quench-ratio"
method is accurate to better than 1% for determin-

ing the proton polarization. " The average beam
current on target during the experiment was 190
nA with 88% polarization.

B. Preliminary checks

0.03
I I I I I I I
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FIG. 2. Typical results are shown for the preliminary
check described in Sec. IIIB to calibrate the spin pre-
cessor. These experimental results show that a preces-
sor voltage of 1574 + 5 V aligns the polarization with the
z axis in Fig. 1 to ~0.3'.

Several checks were made on the polarized beam
and experimental setup prior to starting the
'He(j5, j5) runs. For the determination of K,* and
K", the incident beam polarization must be pre-
cisely aligned along the x or z axis, respectively.
The polarized source spin precessor had been
calibrated several times, but we felt it desirable
to check the calibration on the same beam line and
under the specific conditions of this experiment.
To calibrate the precessor, we used a cubical
scattering chamber" directly behind the reaction
chamber containing the polarimeter. The "cube"
was filled to 200 Torr with 4He and detectors were
placed left, right, up, and down at 8„b=112where
the analyzing power of 'He(P, P) is large. Four
sets of data were obtained in which the spin was
precessed in the vertical plane through 90 and
180' and in the horizontal plane through 0' and
180 . Figure 2 shows typical data obtained as the
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spin was precessed through 0' in the horizontal
plane. The "up-down" asymmetry (determined by
two runs with the spin direction flipped at the ion
source between runs) divided by the beam polari-
zation is plotted versus the voltage calibration on
the spin precessor, corresponding to 15 V per de-
gree. A precessor setting of 1574+ 5 V then cor-
responds to a spin orientation of 0.0+ 0.3' and a
maximum ratio of p„to p, of 0.006. This ensures
that errors in the determinations of K"„andK",
due to spin misalignment would be negligible.

A second check prior to starting the 'He($, P)
runs was to measure K,"for 'He(j5, $) under iden-
tical experimental conditions. Since He is a spin-
zero nucleus, K', must be unity. ""Experimental
runs at 8„,=30 and 40 gave this result within the
statistical errors.

where

p, pAp ~+1

A~ is the analyzing power of the polarimeter and

P is the average beam polarization for the two
runs. The data acquisition for K„"and K', con-
sisted of two series of such runs with the beam
polarization along the x and z directions, respec-
tively.

The procedure for measuring K, is more diffi-
cult because p, is not directly related to p, ;
therefore reversing the beam polarization does not
in general reverse the outgoing proton polarization.
Equations relating K"„(orD) to observed second-
scattered counting rates for the present spin
structure have appeared in several references. ""
These simple expressions, however, are depen-
dent on current integration to first order and do

C. Data acquisition and reduction

For the incident proton spin in the x or z direc-
tion, Eqs. (1) and (4) show that the outgoing proton
polarization in the x' direction is directly related
to the beam polarization; thus a simple reversal
of the incident spin direction reverses the polari-
zation measured by the polarimeter. False asym-
metries can easily be canceled by reversing the
incident spin between runs and taking a geometric
average of the up-down detector counts to obtain
p„.For example, if we denote the number of
counts in the up and down polarimeter detectors
obtained with the beam polarization in the +z direc-
tion by U' and D' and with the incident spin in the
-z direction by U and D, we have from Eqs. (1)
and (4) with p„=p,=0,

not cancel instrumental asymmetries in the ana-
lyzing detectors. The methods we shall derive
below are extensions of the ratio technique, which
has long been used for polarization and analyzing
power measurements" and has been extended to
polarization transfer" for spin structures other
than the one we are considering here. Alternative
methods may be applicable when a quadrupole
triplet' or a spin precession solenoid is used be-
tween the primary scattering and the polarimeter.

For the polarization of the incident beam along
the y axis, the outgoing polarization in the first
scattering is, from Eqs. (2) and (4),

+p
1+p,A,

The second scattering (in the polarimeter) is
characterized by the analyzing power A~ and sec-
ond-scattered intensity given by

I' = Io[1+p,iAp]

in a notation analogous to Eq. (4). If we place the
polarimeter on the "left side" of the scattering
chamber [subscript (l)] and take two runs with the
beam polarization alternately in the +y and -y di-
rections (superscripts + and -), the yields in the
left and right analyzing detectors (L and R) are
proportional to I(8,)I(8,) which from Eqs. (4), (9),
and (10) can be written:

L~»
—-n'Q~lolo[1+PA, +(P' +/K,')A~],

R «&
——n'Qalolo[1+PA, —(P' +PK,' )A,],

L(, )
——n kjlzI, I,'[1 —PA, + (&"—PK,')A~],

R~, &=n OaI, I,'[1-PA, —(P' PK', )A~]. -
This constitutes a "proper flip" in the notation of
Ref. 20, since only the beam polarization has been
changed between runs. In these equations P, the
average beam polarization for the runs, can be
used without significant error, especially for the
slow variations in beam polarization we observe.
The factors n' and n combine current integration
and target pressure factors for both primary and
secondary scatterings for the two runs. Likewise
Ql and Q„combine detector solid angle and effi-
ciency factors for both scatterings for the two
analyzing detectors. For purposes of the following
calculations it is not necessary to separate these
factors.

From these expressions one can obtain K', in a
way that is not dependent on any first-order false
asymmetries if A, and P' are known from a previ-
ous experiment. (We assume the proper averages
over geometry have been made. ) We form the
ratio

(12)
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which is independent of the first four factors in
Eqs. (11). From this ratio, after substituting the
(known) values for P, A~, A„,and I", one can
solve a quadratic equation for K', . We refer to
this as the "quadratic method. " If data have been
obtained on both the left and right side of the scat-
tering chamber, the two ratios can be properly
combined and again a quadratic equation for K,'
results.

Alternately, one can obtain K', without prior
knowledge of P' if other assumptions are made.
For the polarimeter positioned on the "right side"
of the scattering chamber [subscript (r)] we can
write expressions similar to Eq. (11) and, except
for different n and Q factors we have

+L( )=R()
+

R(&& (~) ~

+L(, ) -R(„),
+

R(~) =L( ) ~

(13)

There are several alternatives to handling the
data thus obtained. The most useful in the present
case of elastic scattering, for which Eq. (6) ap-
plies, is to first assume that Q~ and Q„donot
change when the polarimeter is moved from one
side of the scattering chamber to the other. (This
is a "nonproper flip" in the notation of Ref. 20.)

By defining the geometric means

f.+ =(f,+ ft- )~»

f1+ (ft + f )1»

f.-=(L,- f1+ )'»

L+ )
1/2

(14)

L—-R- P' -PK,'
L- +R- 1-PP&'

Solving for P' and K," gives:

(16)

+f
2A~ -p(E —E )

1 (e+ —e )+2pe'e /A~

p 2A~-p(e' —e )
(18)

We refer to this calculation as the "ratio method. "
If the target chamber and polarimeter are well

aligned, the major contribution to changes in Q~
and Q„in moving from one side of the scattering
chamber to the other is nonuniform illumination
of the polarimeter from the slope of the differen-
tial cross section in the primary reaction. The

the following ratios can be formed which are inde-
pendent of n, Q, I„andI', :

L' -R' P' +PK,'
1 PP"

false asymmetries from this effect are calculated
in the Appendix and for our data give a maximum
effect on K', of 0.025.

In the present experiment we obtained data with
the polarimeter on both the left and right sides of
the scattering chamber and analyzed our findings
using both of the above methods. For the quad-
ratic method the A, data of Tivol" at 16.2 MeV
was interpolated for input as A., and P'. For the
ratio method, the false asymmetry calculated in
the Appendix was applied to the data. The two
calculated values of K,' for each angle agreed
within the statistical error.

D. Results

The data are listed in Table I with errors that
result from a quadratic combination of

(a) counting statistics,
(b) a 0.01 uncertainty assumed for the beam

polarization measurements,
(c) a 0.01 uncertainty in the calibration of the

polarimeter analyzing power, and

(d) for the K,' results only, a 0.01 uncertainty
assigned to the interpolated analyzing power data
of Ref. 10.
These last three uncertainties together increased
the total error by typically 0.006; therefore, the
errors listed are primarily from counting statis-
tics.

IV. ANALYSIS AND CONCLUSIONS

Polarization transfer coefficients are sensitive
to different scattering matrix elements than are
other types of observables and are thus expected
to provide new constraints in an analysis. An en-
ergy dependent analysis, however, also reduces
ambiguities that exist in single-energy phase shift
solutions. The analysis of Hale et a/. ' had made
considerable progress in parametrizing the p-'He
system up to 19.5 MeV before the addition of po-
larization transfer data. It was not surprising
therefore that only small shifts in the level param-
eters were necessary when the present data were
included in the search.

The results of Hale's analysis for the polariza-
tion transfer coefficients are shown with our data
in Fig. 3. Excellent agreement with K"„andK",

was obtained, with y' per point of 0.3 and 0.9, re-
spectively. The agreement with K,' was not as
good, having a y' per point of 2.4. It would be in-
teresting to test the calculations at backward angles,
but the large kinematic energy loss from scattering
off a nucleus as light as 'He makes this extremely
difficult for a practical polarimeter. For the
range of our measurements, however, the over-
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TAHLE 1. Polarization transfer coefficients for He (P,p ) He at 16.2 MeV.

lab
K Kg

30.0
40.0
50.0
60.0
70.0
80.0
90.0

39.7
52.6
65.0
77.0
88.5
99.4

109.7

0.658 +0.03i
0.544 ~0.03i
0.308 +0.030
0.022 +0.033

-0.279 +0.035
-0.589 +0.042
-0.736 +0.058

-0.554 +0.035
-0.79i ~0.034
-0.864 ~0.032
-0.902 +0.034
-0.872 +0.035
-0.567 +0.042

0.026 + 0.067

0.880 +0.027
0.906+0.027
0.899 +0.03i
0.9i 6 +0.027
0.992 +0.027
0.978 ~ 0.034
0.738 +0.040

all agreement with the calculations lends added
confidence to the analysis of the P-'He system. A

paper discussing the complete R-matrix analysis
and level parameters in 'Li is in preparation. '
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APPENDIX: FALSE ASYMMETRY CALCULATION

As polarization transfer experiments become
more precise, it is important to be able to esti-
mate errors that may enter into the calculation
of the observables. In this Appendix we will show
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FIG. 3. The experimental results are plotted along
with results from the R-matrix analysis of Ref. 9. The
K~ data are denoted by circles, K~ by crosses, and

K, by triangles.

how one such error can arise and estimate its ef-
fect.

Following Ohlsen and Keaton, "we define a
"proper flip" as a change in the incident beam
polarization or the apparatus in such a way that
the analyzing detectors remain fixed with respect
to the beam position. This is relatively easy to do
in a single-scattering experiment where the uni-
formity of the polarized beam and its position can
be controlled. The methods used and the resulting
cancellation of first order errors are discussed in
Ref. 20.

For spin & polarization transfer experiments it
is sometimes possible to do a proper flip, as in
the determination of K,"and K", where a reversal
of the incident beam polarization reverses the out-
going beam polarization. In the measurement of
K', , however, we have shown in Sec. III C that the
outgoing polarization is not reversed by reversing
the incident beam polarization, and one must either
input auxiliary information into the calculation or
resort to a "nonproper flip" where the polarimeter
analyzing detectors are moved with respect to the
beam position. This can be either a rotation of
the polarimeter or a movement of the polarimeter
to the opposite side of the beam axis (i.e., a "right
scattering" instead of a "left scattering"). For
outgoing neutrons, a spin precession solenoid can
be used, which is equivalent to a proper flip.
Qhlsen" has discussed the general case.

Although we have shown in Sec. III C that it is
possible to calculate K," from a proper flip if one
inputs P and A„asdetermined in another experi-
ment, we would like to investigate the false asym-
metry arising from a nonproper flip for the follow-
ing reasons:

(a) It gives an estimate of the size of the error
that can result from improper experimental tech-
nique.

(b) In some cases P' and A„data may not be
available at the energy and angles needed, and, in
any case, an average over geometry must usually
be taken.

(c) Except for elastic scattering where P' can
be inferred from an A„experiment, a nonproper
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flip is usually used to determine P', and thus
false asymmetry corrections are required.

(d) It is useful to be able to calculate K,' by two
different techniques to see the consistency of the
raw data used in the calculation.

The false asymmetry e' is the asymmetry that
would be measured if the analyzing power of the
polarimeter were to vanish. We define the sign
such that an increase in the left detector count
rate when the polarimeter is on the left side of
the beam axis produces a positive c'. Thus using
Eq. (11) we can write, for example,

L&, )
——n+Q~IoIo[1+pA

+(P' +PK", }A ] (1+&'),

R&, ) =n'Q„IoI,'[1+PA,
—(P' +pK,' Rp] (1 —~')

(A1)

We now assume that O~ and Q„arethe detector
efficiency and solid angle factors that remain smith

the detectors, whereas e' accounts for changes in
these quantities due to nonuniform illumination of
the polarimeter. Thus on the right side of the
beam we have, for example, from Eq. (11) and
(13):

R(, )
=n Q„IoIo[1+pA,

+ (P"+PK'„}A~] (1+e '),
L(„)=n Q~IoIo[1+pA,

—(P' +pKy )Ap] (1 —e') .

(A2)

In taking A~ as constant, we are assuming that
variations in the polarimeter analyzing power due
to small shifts in energy and angle are accounted
for by the uncertainty of 0.01 used for A~.

Forming the appropriate ratios as in Eqs. (14)-
(16), we derive

P' +PK,'
1+PP' ~ 1 —e'e ' (A3)

and

P' -pK"„
1-PP' ~ 1-&-q' 'A. (A4)

Note that the same correction is made to both e'
and e; i.e., the false asymmetry is independent
of beam polarization to first order.

The expressions for P' and E", are exactly as
in Eqs. (17) and (18), except we replace e' and e
by the corrected values calculated via Eqs. (A3)
and (A4). One result is immediately obvious.
Whereas the expression for P' has e'+c in the
numerator, resulting in a first order correction
2e', the numerator for K', has e' —e, resulting
in cancellation of the e' terms to first order, and
c e' which results in a correction proportional to

the measured asymmetry. In general, therefore,
the measurement of K,' is less susceptable to
false asymmetry effects than is P' .

It remains to calculate ~' due to nonuniform il-
lumination of the polarimeter. We start with the
expression for ~' for a gas target as a function of
linear and angular displacement of the beam, de-
rived in Ref. 20. [Note: there is an error in Eq.
(30) of this reference, which applies to gas target
geometry. The correct first-order expression is
given below:]

c' =—' . +k„cot8,-G,k„,Xp

R sin8, (A5)

where xp is the linear displacement of the beam
from the polarimeter axis, k„is the angular dis-
placement of the beam from the polarimeter axis,
8, is the secondary scattering angle, G, is the
logarithmic derivative of the secondary scattering
cross section, and R is the distance from polar-
imeter axis to rear aperture along 8, .

We are using the subscript s to apply to the
secondary scattering (in the polarimeter} in order
to differentiate from primary scattering expres-
sions which follow. The logarithmic derivative is
defined by

1es,
Ip ~8

The first-order expressions for x, and k„may
be obtained by expanding the primary cross sec-
tion to first order and integrating the properly
weighted functions over the solid angle seen by
the polarimeter. For the square apertures used
in our polarimeter and a primary gas target the
results are"

&o =G) &o))'o'/

(A6)

(A7)

(A8)k, = G),go'/6,

where q, =tan-'(2b/h }, 5 is the half width of the
polarimeter entrance apertures, h is the distance
between polarimeter entrance apertures, rp is the
distance from center of primary target to rear
polarimeter aperture along 8~, and G~ is the
logarithmic derivative of the primary scattering
cross section. Combining Eqs. (AV) and (AS) with
(A5} we obtain

+cot8, -G,G &

6 R sin8, (A 9)

r, =7.5 cm,

6 =0.11 cm,

R =2.0 cm,

h =2.5 cm,

8, =60,

G, =-3 rad ', G~ = -4 rad '.

For the present experiment, the geometrical
quantities are listed below along with "worst case"
values of the logarithmic derivatives:
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These numbers in Eq. (A9) give e' = -0.04. As

an example, the differences in the calculated val-
ues obtained by applying this correction were
0.19 for P" but only 0.02 for K," . As a check on

the first-order approximations used in the calcu-
lation of e' a numerical integration code'4 was
used with the same input data. The false asym-

metrics calculated with this code were in general
slightly less than the analytical results. For most
of the 'He(p, p)'He data, the applied corrections
reduced the differences between our calculated
P' and the A, of Ref. 10 and also between the K„'
values calculated by the two methods described in

Sec. III C.
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