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Parity nonconservation in the pp interaction was studied by elastic scattering of 44.8 MeV longi-
tudinally polarized protons. The scattering chamber consisted of a 100 bar H2 gas target, surround-

ed by a cylindrical ionization chamber in an axially symmetric arrangement, and a Faraday cup.
The relative cross sections, o. and a. , for positive and negative helicity of the incident beam, were
measured by integrating the current from the Faraday cup and from the ionization chamber during
20 ms intervals, and digitizing the charges. The parity nonconserving longitudinal analyzing power
A, =(cr+ —0. )/(o++0. ) was deduced from 1.4&10 individual measurements of p, A„where
p, =0.83 is the beam polarization. The emphasis is on quantitative treatments of instrumental ef-
fects, the most important of which is caused by the nonuniform distribution of residual transverse
polarization components in the beam. The final result for the helicity dependence of the total nu-

clear pp cross section at a laboratory energy of 44.8 MeV is A,'"=—(2.31+0.89) 0&10 . The un-

certainty includes the statistical error as well as the systematic uncertainties from transverse polari-
zation, modulation of intensity, position, emittance, and energy of the beam associated with helicity
reversal, double scattering, asymmetry from P decay, and electronic cross talk. The result is com-
pared to theoretical predictions and to related experiments.

I. INTRODUCTION

It is we11 known that the strong nuclear interaction con-
serves parity to a high degree of accuracy. However, a
small parity-violating component is expected from ha-
dronic weak interactions, i.e., from a contribution to the
nucleon-nucleon (NN) force by weak currents. Indeed, a
number of experiments have clearly demonstrated parity
violation in hadronic processes. In nuclear reactions, evi-
dence for parity violation is provided by measurements of
the circular polarization P& of y rays from unpolarized
radioactive sources, measurements of the asymmetry Az
of y rays from polarized nuclei, and the detection of
parity-forbidden a decays (see Refs. 1—3 for reviews of
these experiments). Even though the wrong-parity admix-
ture in nuclear wave functions is very small (10 or so),
the observed effects are enhanced in special cases where
the parity-allowed transition is strongly hindered by other
factors (e.g. , isospin conservation). The most extreme
enhancement of parity-violating effects relative to parity-
allowed decays occurs in the decay of polarized rnetasta-
ble ' Hf (Ref. 4), for which the observed y-ray asym-

metry is A&
———0.017+0.002.

In recent years, the emphasis in experiments on parity
violation in nuclear reactions has shifted from the mere il-
lustration that an effect exists, to the much more ambi-
tious task of elucidating the nature of the parity-violating
components of the nucleon-nucleon interaction. Parity
violation is, in fact, the only means to study strangeness-
conserving purely hadronic weak processes. Theoretically,
the problem is usually approached by describing the ob-
served effects by the different isospin components of a
weak (parity-violating) NN potential, and by relating
these potentials to weak meson-nucleon coupling con-
stants (tr, p, co, etc. , exchange). This involves, even for the
two-nucleon system, the understanding of the strong NN
interaction at short distances, a problem of long standing
interest by itself. Eventually, one hopes to compare the
coupling constants so determined with predictions from
weak interaction theories. This requires the evaluation of
matrix elements of the weak Hamiltonian in the presence
of strong interactions, a problem which is currently ad-
dressed by quantum chromodynamics (QCD). The com-
parison of these calculations with experiments is thus of
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interest for weak and strong interaction physics.
Parity experiments which show large, easily measured

effects (such as Ar in the decay of ' Hf) are usually not
amenable to interpretation in terms of a weak NN poten-
tial, because almost invariably the large suppression of the
parity-allowed transition is associated with extremely
complicated nuclear wave functions. Thus the emphasis
centers now on experiments with selected light nuclei, for
which the wave functions are thought to be accessible by
means of modern nuclear structure calculations, and to
the NN system itself. For all its attractiveness, the study
of the NN system has the disadvantage that the expected
effects are only of the order 10 and thus extremely dif-
ficult to observe.

For the n-p system, the experiments so far are limited
to observations on y rays from thermal n-p capture. A
long-standing problem has been resolved recently. The
old intriguing Leningrad measurements of the circular
polarization of the outgoing gammas,

Pr = ( —1.30+0.45) x 10 ',
has been recalled recently; a preliminary result of

P, =(1.8+1.8) y 10-'

is now obtained. At Grenoble, polarized cold neutrons
were captured by unpolarized protons to measure the
asymmetry

A, =(0.6+2.1)x10 '

(Ref. 7). Current theories predict values well below 10
for both quantities.

For p-p scattering, parity violation has been studied
through measurements of the helicity dependence of the
elastic scattering cross section, i.e., the longitudinal
analyzing power A, as proposed by Simonius. This
quantity is defined as

A, =(o+ —o )/(o++o )

where 0- is the totaI nuclear cross section for a longitudi-
nally polarized incident proton hearn with 100%%uo polariza-
tion parallel (positive helicity) or antiparallel to the
momentum vector.

The present paper reports on a series of experiments
over several years, using protons with a mean energy of
44.8 MeV. The choice of bombarding energy is based on
the fact that at low energies, A, is known to reach a max-
imurn near 50 MeV (Refs. 9 and 10). This statement is in-
dependent of any weak-interaction physics (which deter-
mines a multiplicative scale factor) and depends only on
the known energy dependence of the strong 'So and Po
phase shifts. The first measurement of A, was carried
out at 15 MeV by a group at Los Alamos. They reported

A, =(1+4)X10 '

in a Letter" in 1974. Later work by the same group was
reported only in conference proceedings, ' the most recent
result being

2, =(—1.7+0.8)X10

In 1980, we published' a value

A, =( —3.2+1.1)X 10

for a proton energy of 45 MeV, while a group at Berke-
ley' reported a preliminary result of

A, =( —&.3+2.3) X &O

at 46 MeV. The present paper not only contains addition-
al measurements, but presents a detailed treatment of in-
strumental effects and sources of error.

The principle of the experiment is described in Sec. II,
while Sec. III contains details of the apparatus. A large
part of the paper deals with the challenging problems that
had to be solved to reduce the many systematic errors in
A, to the order of 10 (Sec. IV). Section V summarizes
the procedures and results of the parity measurements, in-
cluding error estimates from systematic effects. Section
VI relates the results obtained so far to other measure-
ments and to the theory of hadronic weak processes.

II. PRINCIPLE OF EXPERIMENT

The scattering cross section is proportional to X, /Xz,
where N, is the number of protons scattered into the
detector for,V~ protons incident on the target. For our
purposes, relative measurements of 0.+ and o. for posi-
tive and negative helicity are sufficient since common fac-
tors cancel in Eq. (1.1).

The basic arrangement is shown in Fig. 1. A gaseous
H2 target 1 is surrounded by a cylindrical ionization
chamber IC. Integration of the current E, in the ioniza-
tion chamber gives a measure of the number X, of scat-
tered particles. Counting individual scattered protons is
prohibitive since a few times 10'" protons have to be
detected to reach the desired statistical accuracy in A, .
The number of incident protons Xz is measured by in-
tegrating the beam current Iz reaching the Faraday cup
FC.

The use of a cylindrical detector surrounding the target
has the advantage of a large solid angle (improved statisti-
cal error). In addition, the axial symmetry of the arrange-
ment is essential to reduce systematic errors, such as the
effects caused by possible small motion of the beam when
the helicity is reversed. The fact that in our experiment
the scattered particles are integrated over a wide range of
angles involves no loss of information, since A, is essen-
tially independent of scattering angle, ' as long as one
avoids very forward angles where Coulomb scattering
dominates (see Fig. 3 and Sec. VI).

The polarized beam (p=0.83) is provided by the in-
jecter cyclotron at Schweizerisches Institut fur Nuklear-
forschung (SIN) equipped with an atomic-beam
polarized-ion source (see, e.g. , Ref. 15). Prior to ioniza-
tion, the polarized neutral atomic beam, which is polar-
ized in electron spin, is exposed to rf transitions between
hyperfine states in order to obtain different proton polari-
zations. Alternately energizing so-called strong-field tran-
sitions (s) and weak-field transitions (w) allows rapid re-
versal of the proton polarization.

At the exit of the cyclotron, the transversely polarized
beam is transformed into a longitudinally polarized beam
(Fig. 1). The vertical beam polarization is precessed into
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FIG. 1. Beam line and experimental setup to measure the
longitudinal analyzing power A, of elastic pp scattering at 45
MeV. The beam polarization P is shown for weak field transi-
tion w and Sol +: At the exit of the cyclotron P is oriented up-
wards (positive-y direction). The spin is precessed by the
solenoid into the horizontal plane, and rotated into the positive z
direction by the deflection magnet. The protons then pass
through the pressurized H2 target T and are stopped in the
Faraday cup FC. The scattered protons are detected in the
cylindrical ionization chamber IC. The beam scanners H1 and
H2 measure the intensity and polarization profiles. The lam-
inated quadrupole Q and two double-steering magnets W 1 and
8'2 are used to measure sensitivities of the scattering chamber
to spurious beam modulations. Beam scanners and the scatter-
ing chamber are moved to the 10' position to study the influence
of horizontal polarization components.

(N, /Np ) (N, /Np —)'
R+- =

( N, /Np ) + (N, /Np )'
(2.1)

where R + and R refer to measurements made with
Sol + and Sol —,respectively. In practice, the observed
ratios R contain, besides the parity-violating effect R, as-
sociated with the helicity reversal of the beam, also a con-
tribution Rz from unwanted instrumental effects:

(ii) From the physics of the rf transitions' it is known
that s corresponds to proton polarization along the mag-
netic field in the ionizer of the polarized ion source, while
w corresponds to opposite polarization.

(iii} For all measurements reported here, the magnetic
field in the ionizer was oriented downwards. Thus, w cor-
responds to beam polarization prior to the precession
solenoid oriented upwards, while s corresponds to polari-
zation oriented downwards. The sign of polarization was
checked by p-' C elastic scattering at 45'. It is consistent
with the sign of the analyzing power reported in Ref. 16.

(iv} The inagnetic field in the precession solenoid is
called positive (Sol + or superscript + } if a polarization
oriented upward at the exit of the cyclotron is precessed
into a beam of positive helicity p, at the target. For our
arrangement (Fig. 1) Sol + corresponds to a solenoid field
direction opposite to the momentum of the protons.

(v) For Sol+, switching from ui to s corresponds to
switching from positive to negative helicity p, . Reversing
the solenoid current reverses p„ i.e.,p, '+, p,' )0; p„'
px

We define as the primary measured quantity the ratio

R+—=R;+R (2.2)

the horizontal plane by passing the beam through the bore
of a solenoid (effective length 0.91 m, mean field 0.65 T).
Longitudinal polarization is obtained by deflecting the
beam through a suitable angle (47.6'). Depending on the
sense of the solenoid current, a spin-up polarization at the
cyclotron exit is transformed into either a positive or neg-
ative helicity at the scattering chamber.

The helicity is reversed periodically (nominally every 30
ms) by switching rf transitions at the ion source. Charges
proportional to N& and N, are determined by integrating
I, and Iz over 20.0 ms. After each such 20 ms measure-
ment, a roughly 10 ms dead time is introduced, during
which the digitized values of Nz and N, are transmitted
to the computer, the integrators are reset, the helicity is
reversed, and beam scanners move through the beam to
determine profiles of beam intensity and transverse polari-
zations.

To suppress periodic noise, the regular reversal between
positive and negative helicity is maintained only for four
cycles, after which the phase is reversed (see Sec. IVH}.
After eight cycles, the initial sign for the next group of
eight cycles is chosen by a pseudorandom number genera-
tor.

In order to make explicit the conditions under which
the experiments were performed, the following definitions
are used:

(i) Superscripts w and s will be used to indicate whether
the weak-field or the strong-field transition was energized.

In particular, RI contains contributions from sinall trans-
verse polarization components in the beam. Other contri-
butions to RI can arise if switching between w and s
causes changes in the beam characteristics (e.g. , beam in-

tensity modulation).
If the incident beam has only a longitudinal polariza-

tion p, (i.e., p„=p~ =0), the total nuclear cross section is

cr, =00(1+p,A, }, (2.3)

R,—=
+p;A, +

1+6p,—A,
(2.4)

where p; and 5p; are defined as

(2.&)

(2.6)

To a good approximation
+

pz = —pz =pz ~ (2.7}

because the polarized ion source is stable over long
periods of time. We rewrite Eq. (2.2) in terms of the ef-
fective beam polarization p, as

R —= +pz Az+RI (2.8)

where o.o is the cross section for an unpolarized beam. If
(N, /N~) in Eq. (2.1) is proportional to o„R; can be
written as
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or

Az=+(R+ -R—I )/ps=+Re /pz (2.9)

We note that instrumental effects Ri which can be as-
sumed invariant under reversal of the solenoid field direc-
tion (e.g. , effects caused by beam intensity variation be-
tween states tti and s), cancel in the final result.

III. APPARATUS

A. Scattering chamber

The scattering chamber is shown to scale on the right-
hand side of Fig. 2. The Hz target T consists of a 60 mm
diameter cylinder of 1 mrn wa11 thickness. The entrance
and exit foils have a diameter of 24 and 60 mm, and a
thickness of D.17 and 1 mm, respectively. The target cell,
including its windows, is made of high tensile strength
(5.5X10 N/m ) aluminum alloy. '

The nominal target pressure for parity measurements
was 100 bar. Care was exercised to achieve a pressure tar-
get of accurate cylindrical symmetry. The wall thickness
was measured with an ultrasonic probe and was found to
be uniform to 10pm over the entire surface. An entrance
collimator with two tungsten apertures shields the ioniza-

Hl w

FT
o+ 10kV

I~

TWl

S

FC

SECT

FIG. 2. Details of the beam scanners 0 l and H 2 and of the
scattering chamber. The scanners contain two wheels TW. Two
carbon strip targets ST are attached to each wheel to scan pro-
files of beam intensity and polarization in the vertical and hor-
izontal directions. The wheels are driven by stepping motors
through rotary feedthroughs FT. The rotation is monitored by
magnetic sensors S and markers M, shown only for H 1. When
passing through the beam, the targets ST are viewed by two
pairs of scintillation detectors coupled to the light pipes PL,
Only the up-down detector pairs are shown. Auxiliary wheels
8' serve to introduce targets or apertures into the beam for test
runs. The scattering chamber contains the target vessel T, the
cylindrical ionization chamber IC with an aluminum foil F as
inner electrode, and the Faraday cup FC with tungsten beam-
stop. The stainless steel cylinder C hinders P particles from ac-
tivity in the FC to affect the current I, .

To obtain the final result for A, we average measurements
obtained with positive and negative solenoid fields,

A, = [(R + —R ) (R—g+ —RI ) ]/2p, = [R,+ —R, ]/2p, .

(2.10)

tion chamber (IC) from protons scattered in the entrance
window. Shields around the exit window serve a similar
purpose. These apertures and shields also stop electrons
and positrons which are produced by activation of the en-
trance and exit windows. The relatively large diameters
of target cell and Faraday cup (FC) are desirable because
of multiple scattering of the beam in the target. The di-
ameter of the Faraday cup is such that the flux of protons
at the edge of the cup is 10 " compared to the flux on the
chamber axis.

For the ionization chamber, a large diameter is of ad-
vantage because it reduces the effects caused by small dis-
placements of the beam from the axis. The ionization
chamber consists of a cylindrical ion collector of 40 cm
diameter and an inner electrode of 36 cm diameter at + 10
kV, filled with hydrogen at atmospheric pressure. The
length (18.3 cm) of the ionization volume is defined by
guard rings. The inner electrode consists of a thin Al foil
F, stretched over 60 taut stainless steel wires of 0.5 mm
diameter. The spacing between the wires and the collector
was measured to be homogeneous to within 0.15% over
the entire circumference. The uniformity of this spacing
determines the homogeneity of the ionization volume, i.e.,
the variation of the efficiency as a function of the azimu-
thal angle. A small inhomogeneity in the ionization
chamber results from the joint of the ends of the AI foil
along a line parallel to the chamber axis.

The proton beam is stopped by a tungsten beam stop in
the Faraday cup. Secondary electrons are suppressed ei-
ther by an electrostatic suppressor ( —1 kV) or a trans-
verse magnetic field ( —1 mT). A stainless steel cylinder
C shields the ionization chamber against electrons and
positrons emitted from the beamstop. The pressure in the
Faraday cup is below 10 mbar, so that the current due
to ionization of residual gas is below 10 of the proton
current.

A computer program was written to calculate various
properties of the scattering chamber (angular acceptance,
I /Ip sensitivity to residual transverse polarization and to
energy modulations). The number of ion pairs produced
in the ionization chamber by a beam of infinitesimal
transverse dimensions and arbitrary position was comput-
ed by numerical integration over the path in the target
and the volume of the ionization chamber. Energy-loss
and range data were taken from Ref. 18, while data on the
pp cross section and analyzing power as a function of en-
ergy (38.2—49.5 MeV) were calculated from the phase
shifts of Amdt et ai. '

The calculated acceptance function of the ionization
chamber as a function of scattering angle is shown in Fig.
3. Whereas the smallest angle is defined by geometry, the
upper limit on angle is given by the fact that beyond 52'
all scattered protons are stopped before they reach the
ionization chamber. Since the protons ionize most heavily
at the end of their range, the acceptance function is
strongly peaked near the maximum angle.

The current I, in the ionization chamber, relative to the
incident current I~, was calculated, assuming that 37 eV
are required to form an ion pair in H2 (Ref. 20). Multiple
scattering and range straggling were neglected in the cal-
culation. Taking into account the approximations in this
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tion unit and the ionizer. No other time structure is ob-
served. Measurements exactly synchronous with the line
frequency were also made, in order to ascertain that the
beam polarization shows no time structure associated with
line frequency, e.g. , from stray fields affecting the weak-
field transition unit.

C. Beam scanners and beam line
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FIG. 3. Angular dependence of the longitudinal analyzing
power A, (0) and acceptance function (1/I~ )dI, /do of the
detection system as a function of laboratory scattering angle.
The scale for the acceptance function is shown on the left. The
dashed line shows the angular dependence of the longitudinal
analyzing power Ko (E=44.8 MeV, O)=A, (0)/f (scale on the
right), as discussed in Sec. VI.

calculation, the predicted ratio I, /I~ =2.95 is in reason-
able agreement with the measured value of 2.05.

B. The polarized ion source

The ion source is an atomic-beam type of polarized ion
source external to the cyclotron. Beam currents on target
of 0.7—1.4 pA were achieved by use of a modern high-
efficiency electron bombardment ionizer. ' Ionization of
the polarized hydrogen atoms takes place in a magnetic
field of 0.15 T, i.e., large enough to decouple electron and
nuclear spin.

The hydrogen atomic beam emerging from the spin-
separation magnet is polarized in electron spin only, i.e., it
contains equal numbers of atoms in hyperfine state 1

(strong field quantum numbers mj =+ —,', mi ——+ —,
'

) and
state 2 (mj =+ —,', mi ————,

'
), where we use the notation

of Ref. 15. Net nuclear polarization is obtained by ex-
posing the atomic beam to rf transitions prior to ioniza-
tion. The weak-field transition (adiabatic transitions be-
tween states 1 and 3) reverses mj and m& for atoms in
state 1, leading to p "=—1 with respect to the magnetic
field in the ionizer. The strong-field transition (2~4)
reverses m~ and mi for atoms in state 2 and thus leads to
p'=+1. In our case, the two rf oscillators are energized
alternatively, thus switching the sign of proton polariza-
tion every 30 ms.

The beam polarizations p and p' are measured with
the beam scanners (precession solenoid turned off). Typi-
cally, the effective polarization p, =0.83. The quantity
5p, =5p,+=—5p, [Eq. (2.6)] depends sensitively on the
tuning of the rf transitions. Under typical conditions,

~
5p,

~

=0.02, but values as high as 0.04 occurred at times.
To ascertain that the beam polarization reaches its final

value rapidly after polarization reversal, p(t) was rnea-
sured using a stationary thin graphite target instead of the
moving carbon strip targets T in Fig. 2. The rise time of
the polarization was found to be 0.2 ms, as expected from
the spread in flight time of atoms between the rf transi-

It is basic to the present experiment to determine if the
properties of the proton beam (residual transverse polari-
zation components, beam position, beam diameter, etc.)

exhibit changes associated with the reversal of the helici-
ty, since such changes give a contribution to R. The re-
quired information is provided by specially designed digi-
tal beam scanners, which are shown in proper relation to
the scattering chamber in Fig. 2. These scanners are
mounted as a rigid unit on the same cast-iron surface
plate that carries the scattering chamber. This plate in
turn is mounted on a subcarriage in such a way that the
plate can be moved in all dimensions by remote control.
The motion of the plate relative to the subcarriage is mea-
sured to +10 pm, to permit controlled motion, e.g. , to
align the chamber along the beam axis.

Two scanners, labeled H1 and H2, are 0.96 and 0.11 m
from the target entrance, respectively. The scanning
wheels TW, shown in Fig. 2, are driven by stepping mo-
tors. The time per revolution is 240.4+0.3 ms. Protons
which are scattered elastically from the graphite scanning
strips ST are detected in scintillation detectors. The
scattering angle is chosen to correspond to the maximum
in the p+ ' C analyzing power of

Ac ——0.93+0.02 (3.1)

at our bombarding energy of 50.7+0. 1 MeV. The value
of the analyzing power was calculated from data in Ref.
16. The exact location (50.4') of the analyzing power
maximum was independently determined to +0.2' in our
own experiment. For each scanner, four scintillation
detectors with an acceptance of +1.1' were used to mea-
sure the spatial distributions p„(x), p„(y), p~(x), and py(y)
as discussed in Sec. IV A, as well as the corresponding in-
tensity distributions. The phase angles of the four wheels
are fixed and synchronized to the parity measurements
such that one target passes through the beam during the
10 ms dead time which follows each 20 ms parity mea-
surement. Magnetic sensors S, which respond to markers
M on the wheels, provide a start signal prior to each tar-
get pass through the beam. These signals start (after an
adjustable delay) an encoder which digitizes the position
of the targets associated with each detected proton. The
channel width of the digitizer is 58.4 ps which corre-
sponds to a motion of 0.31 and 0.10 mm per channel,
respectively, in scanners H1 and H2. The number of
channels processed is 128, corresponding to a scan time of
7.48 ms. After a scan, the beginning of another 20 ms
parity measurements is triggered.

The beam scanners are identical to those described in
Ref. 22, except that the scan speed has been changed, and
that two encoders in parallel are used to permit higher
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In the experiment, the beam current Iz, and corre-
spondingly the ionization chamber current I„fluctuates.
In addition, the beam current changes slightly (=10 )

when the beam polarization is switched from m to s. For
these effects to cancel in the ratio N, /N~, the electronic
system must possess a great degree of linearity. As a test
of the entire system we measure the common-mode rejec-
tion with modulated current sources connected to both in-
tegrators. The spurious signal remaining in N, lN„ is
found to be roughly 10 of the amplitude of the modula-
tions in N, and N& separately. In the actual parity mea-
surernents, more stringent tests are made periodically by
modulating the intensity of the beam from the cyclotron.

For the first measurements (series 1), an earlier version
of the system was used, which employed 14-bit ADC's.
The common-mode rejection of the earlier system was an
order of inagnitude worse.

measured with an empty target (Sec. IV H).
The various contributions to the corrections Ri for sys-

tematic errors [Eq. (2.2)] will be denoted by R;, where the
subscript refers to the effects mentioned above. In order
to make explicit under what conditions corresponding sen-
sitivities and modulations are obtained, we use the follow-
ing notation:

(i) A "measurement" consists of a 20.0 ms integration
period for the currents I, and Iz

(ii) A "cycle" of 30.045 ms (see Sec. IV H) includes ad-
ditional 10 ms of beam scanning and dead time.

(iii) A "run" takes 20 min and consists of 40 320 cycles.
(iv) A "series" is the result of a block of cyclotron

beam time. Series 1 (2) comprises 34 (35) parity runs.
Each series consists of two subseries obtained with oppo-
site solenoid excitations.

An overall summary of the systematic errors is present-
ed with the parity results in Sec. V C.

IV. SYSTEMATIC ERRORS

The study of possible sources of systematic errors is the
most important aspect of the experiment described here.
In fact, the majority of beam time is devoted to these
problems. In particular, it is crucial to determine if rever-
sal of the helicity by switching between m and s causes
other changes in the beam, which could give a contribu-
tion to the measured value of R. Whenever possible our
philosophy is not to rely on plausibility arguments about
the behavior of the ion source and the cyclotron. Rather,
the beam properties are sampled continuously during the
parity runs in order to detect coherent modulations of the
beam, i.e., modulations in step with the helicity reversal.
The sensitivity of the scattering chamber to various beam
modulations is measured in auxiliary experiments, by in-
troducing artificial modulations of the intensity, position,
diameter, and transverse polarization of the beam, com-
bined with deliberate beam misalignmnnnt. This is done
even in those cases where no modulation was discovered,
in order to assign upper limits to the corresponding sys-
tematic errors.

We first explain the treatment of effects caused by the
presence of residual transverse polarization components
p„and pz in the longitudinally polarized beam (Sec.
IV A). They cause the only significant corrections to the
results of the parity measurements. We also consider
coherent modulation in beam intensity (Sec. IVB), and
coherent modulation in beam position and beam emit-
tance (Sec. IV C). The possibility of coherent modulation
in beam energy is considered (Sec. IV D).

Certain other effects could not be monitored during the
parity runs but required auxiliary measurements. One
such effect arises from double scattering of protons in the
chamber, combined with a possible deviation of the
scattering chamber from axial symmetry (Sec. IV E).
Another effect (Sec. IVF) deals with a possible error
caused by parity violation in p decay, since p emitters are
produced in all parts of the chamber exposed to incident
or scattered protons. The problems of electronic cross
talk and insufficient averaging of possible (incoherent)
line-frequency modulation in the beam are discussed
(Secs. IVG and IVH). Finally, background effects were

A. Transverse polarization components

Ideally, the beam is polarized exactly along the z direc-
tion. However, there are present in the beam inevitable
small transverse polarization components p and p~
which presumably change sign in step with the helicity
and thus can cause erroneous signals. Transverse beam
polarization, say p~, causes a left-right asymmetry in p-p
scattering as a result of the normal (parity-conserving)
analyzirig power A~. The weighted mean of the p-p
analyzing power for the angular range used in the present
experiments is 2~=0.006. As a consequence, the intensi-
ty scattered to the left is increased by a fraction p~A~,
while the intensity on the right is decreased by the same
amount. This shift of intensity from right to left is of no
consequence provided the beam axis coincides with the
chamber axis. However, if the beam is displaced from
this axis by a small amount 6x, there will be a false signal
proportional to (p~5x)A~, because detector solid angle and
proton energy at the detector will be different for left and
right. Since the false signal is proportional to the first
rnornent of p~ with respect to x displacement, an errone-
ous signal remains even for a perfectly centered beam and
with mean polarization (p~) equal to 0, if the polariza-
tion p~(x) varies, e.g. , linearly, with x (see Fig. 5). It
should be emphasized already at this point that the largest
effects arise not from beam misalignment or a remaining
mean transverse polarization, but from variation of the
transverse polarization p~(x) and p„(y) across the beam.

We will denote the contribution to Rz, which arises
from this type of effect, by R~. To determine Rz, and to
correct the measurements accordingly, requires two steps:
(1) continuous measurement of the intensity distributions
and transverse polarization distributions of the beam dur-
ing the parity measurements, and (2) auxiliary experi-
ments with a transversely polarized beam to measure the
sensitivity of the chamber to transverse polarization as a
function of beam position in the chamber. Our treatment
is based on a paper which presents a general mathemati-
cal treatment of the problem. This treatment shows that
Rr can be expressed, to a good approximation, as [see Eq.
(47), Ref. 23]
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RT =a,'(p, )+a, '(&p, ) (x l )+- (p, g~ ) )+a, '((p, & &x2 &+ (p, (2) )

+a.'(p. &+a. '((p. &(y2)+ &p. rjl &)+a.'(&p. & &y2)+ &p. g2) ), (4. 1)

where the coordinates x~, x2, etc. , are beam coordinates
measured in the two beam scanners as shown schematical-
ly in Fig. 6. The coordinates of the center of gravity of
the beam are denoted by (x l ), (y, ), etc. , while the quan-
tities g and rI are coordinates with respect to the center of
gravity,

g;=(x; —(x;)),

g;=(y; —(y;)) .
(4.2)

Thus the terms containing g and g describe intrinsic prop-
erties of the beam, which cannot be altered by adjusting
the beam position in the chamber.

The origin of the coordinate system is assumed to be
close to, but not necessarily coincident with, the optical
alignment axis of the scattering chamber. The first term
on each line of Eq. (4.1) arises from this misalignment of
the scanner coordinate system with respect to the symme-
try axis of the chamber. The remaining four terms corre-
spond to beam displacements along x~ 2 and y~ 2. Each
term consists of two contributions: the mean polarization

(p„) (or (p„)) multiplied with the beam misalignments
(x ) (or (y ) ); and the intrinsic polarization moments of
the beam (p~g), (p„g). The absence of moments of the
form (p~y) and (p„x) is plausible since a left-right
asymmetry combined with an up-down displacement has
no effect provided the chamber is symmetric. The effect
of these "harmless" moments, as well as the effects caused
by higher-order moments, are for simplicity neglected in

Eq. (4.1), but are taken into consideration in Ref. 23 and
in the analysis below.

The six coefficients az and a in Eq. (4.1) describe the
sensitivity of the scattering chamber to transverse polari-
zation. The experimental determination of the sensitivi-
ties is based on measurements of R which are carried out
exactly like parity measurements, but with deliberate large
beam displacements and large transverse polarization.
Large p~ is simply obtained by turning off the precession

H2

z~

Hl

FIG. 6. Definition of coordinates in the planes zl and z2 of
the scanners 01 and H2, respectively. The significance of
plane z3 is explained in Sec. IV C.

solenoid (Fig. 1). To obtain large p„ is more complicated:
the solenoid needs to be energized and the 47.6 deflection
magnet turned off. Thus the entire scattering chamber
has to be moved to a different beam port on the deflection
magnet. Since a wall prevented the use of the 0' port, a
10' deflection was employed, resulting in a slightly re-
duced p„compared to p~.

A sample set of runs for a beam with vertical polariza-
tion (p~) is shown in Table I. Note that the beam posi-
tion is varied by moving the scattering chamber rather
than by deflecting the beam. The uncertainties indicated
on the second line are applicable to the remainder of the
entries. One notes that R is large already for displace-
ments of the order 2 mm, except when the displacement is
primarily along the polarization direction.

For each series of parity measurements, the tests with a
transversely polarized beam are repeated a number of
times. The coefficients a„~ in Eq. (4.1) are determined by
a least-squares fit to the data. In some cases as many as
20 runs were made with different beam coordinates rela-

tive to the chamber, including skew beams, to test for
higher-order terms. It is found that Eq. (4.1) gives a satis-
factory representation of all measurements, i.e., X per de-
gree of freedom (7.7/9) is consistent with 1. The quality
of agreement with Eq. (4.1) is illustrated by the last
column of Table I.

In order to demonstrate how stable the sensitivities are
under different experimental conditions, we show in Table
II values obtained over a three-year period. The first dou-
ble line represents averages over seven sets of a~ coeffi-
cients, determined during preliminary tests under dif-
ferent conditions: beam currents of 0.1, 0.3, and 0.8 pA;
variations of target pressure by 5%; measurements with
and without circulating the H2 target gas with a blower;
measurements with and without a magnetic field of 1 mT
applied over the chamber. The uncertainties in the first
double line represent the variance of the coefficients under
these differing conditions. The coefficients a„and a~ for
the preliminary tests varied substantially because the en-
tire chamber was disassembled repeatedly during these
tests without careful realignment, so that those particular
coefficients are not comparable.

To correct the parity measurements, the coefficients are
in each case determined under the actual conditions (tar-
get pressure, beam current, etc.) of the parity measure-
ments. The coefficients on which the corrections for the
parity series are based are listed in Table II. The last dou-
ble line gives the result of a numerical calculation of the
sensitivities mentioned in Sec. IIIA. The uncertainty in
the calculation arises primarily from the need to use sim-
plified energy-loss formulae. The calculations show that
the sensitivity of the chamber to transverse polarization
components arises essentially from differences in energy
loss and from differences in solid angles.

Equation (4.1) is correct, including terms quadratic in
the beam coordinates, if the apparatus has an axis of rota-
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TABLE I. Example of measurements of R with beam polarization along y and different displace-
ments (x~ ), (y~ ), etc , .of the beam center .The )ast column shows the values of R after the correction
RT according to Eq. (4.1) has been applied. The errors given in the second line are characteristic for all
entries in the same column. The last run is a typical parity run with (p» )=0.
Run No. (x, )

(mm)
(x2&
(mm) (mm)

(y2& (p, &

(mm)
R

(1o-')
R —RT
(10 ')

8122

8127
8135
8136
8923
8924
8931
8932
8933
8298
Mean

—0.012
+0.003

3.279
—3.317

3.596
—0.096
—5.704

0.260
—0.022

3.376
0.012

0.029
+Q.QQ1

1.304
—1.071
—1.087
—2.416
—0.038
—0.081
—0.264

0.996
0.003

—0.031
+0.003

0.040
0.047
0.084
0.037

—0.009
3.240

—0.006
3.246
0.329

0.039
+0.001

0.046
0.067
0.074
0.512
0.505

—0.553
—1.650
—0.598

0.011

0.818
+Q.001

0.827
0.834
0.834
0.832
0.831
0.832
0.840
0.822

—0.003

—0.135.8
+7.1

—555.2
246.2
472.0
907.6

—247.7
—96.1

—30.0
—429.2

—8.3

—9.1+7.2

—9.7+6.6
7.4+6.9
9.6+7.0
1.3 k4. 9

—2.4+4.6
—1.2+4.6

2.4+4.6
8.4+4.7

—1.7+4.5
—0.8+1.7

tional symmetry. Symmetry requires a„=—az and
a„'=—a~'. The conditions are met by the apparatus
(Table II).

It is interesting to mention a problem observed in the
preliminary tests with a different target cell of the same
design: the large observed value of a„was traced to the
fact that the bore in the target cell was displaced vertical-
ly by 50 pm, such that the wall was slightly thicker along
the top of the target than the bottom. The present target
cell is uniform in wall thickness to 10pm.

Each parity run was corrected for residual transverse
polarization, using the beam moments integrated over the
run. Table III gives a summary of the various correction
terms for series 2 . The uncertainties given arise from
the statistical uncertainty in the determination of the
beam moments. One notes that the correction is primarily
caused by intrinsic polarization moments, and not from
misalignment of either beam position or average polariza-
tion direction. For the other series the corrections were

and

RT=(0.32+0.08)x10 '

RT ——( —1.73+0.09)~ 10

respectively, where the uncertainties are statistical.
Systematic errors, which enter in these corrections,

were studied in detail. The most important systematic un-
certainties are the following:

(a) Uncertainties in the determination of the sensitivi-
ties add an additional error of +0.10' 10 to RT.

similar, except that for series 2+ the beam had unusually
large polarization moments (p»&2) giving a mean contri-
bution to Rr of ( —7.41+0.14) X 10

The corrections RT for each run are several times
larger than the desired final accuracy, but the corrections
cancel to some extent when the results are averaged over
all series. The net corrections for series 1 and 2 are

TABLE II. Sensitivities of the apparatus to transverse polarization components, as defined by Eq.
(4.1). The coefficients a„and a~ are given in units of 10 ', all others in units of 10 ' mm '. Changes
of the values in the first column are associated with mechanical changes made on the system which af-
fect the alignment of the beam scanners with respect to the scattering chamber.

Run

time

Preliminary
tests

0a„
0

ay

3000 —44.5+1.3
47.7+ 1.6

587+10
—567+7

Series 1 —359.2+6.8
—0.1+5.4

—46.1+2.6
51.0+ 1.3

589+7
—576+4

Series 2 —383.4+4.9
—147.7+1.9

—40.6+ 1.0
41.0+0.6

562+ 10
—559+11

Calculated —42+16
42+16

610+50
—610*SO
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TABLE III. Typical example of corrections for residual transverse polarization components. The
contributions to the final correction R& for a typical 20 min run and for series 2 are tabulated. They
were calculated from the measured polarization moments (p~ ), (p~ ) (x~ ), etc. , and the sensitivities a„
and a„ in Table II using Eq. (4.1).

Polarization
moment

Run No. 8179
Measured Contribution
moment' to R (10 )

Average of series 2
Measured Contribution
moment' to RT (10 )

&p, &

(p, )(xi)
(p,gi)
(p, )&x2)
(p, g&)

(p. &

&p. &&yi)

(p. &(yz&

(p.g2)
Total

0.98
0.00 t

—19.16 .
—0 301
—O.83 I

—3.47
2.26 t

—32.55,
—1.03 t

—7.39 i

—0.14+0.06

—0.79+0.08

0.63+0.44

1.33+0.15

1.23+0.09

—4.73+0.26

—2.47+0.55

1.10
0 031

—lO.4S I

o.4s t

1.22 I

1.80
1.O2 t

—26.78 I

1.01
'

—6.ss l

0.16+0.01

—0.43+0.02

—0.93+0.10

—0.69+0.03

1.05+0.02

—3.11+0.06

—3.96+0. 12

'The measured moments are given in units of 10 ' or 10 ' mm.

(b) There are additional systematic errors in the deter-
mination of the beam position and polarization moments.
They arise from (i} background in the scintillation
counters, (ii) a channel-dependent difference in the p-' C
analyzing power for left and right detectors because of the
systematic change in scattering angle with position of the
target strip, (iii) systematic errors in beam properties be-
cause the scanning strips were assumed to undergo a
parallel displacement while in fact they rotate about an
axis, and (iv) finite resolution of the channels. The com-
bined uncertainty of these effects is 0. 10&(10

(c) An uncertainty from the approximations in Eq.
(4.1). The assumption that moments of the form &p~y)
and higher moments of the form &p~x &, &p„y ), and

&pox ) can be neglected was tested experimentally. The
total systematic uncertainty from these effects is
+0.13X 10-'.

The quadratic sum of the above three systematic uncer-
tainties in the correction Rz is 0.2 X 10

B. Intensity modulation

In first approximation the ratio N, /Nz is independent
of beam intensity. Thus, coherent beam intensity modula-
tions should not affect A, . However, residual effects
arise, e.g. , from (i) differential nonlinearity of the current
integrators or analog-to-digital converters, (ii) dark
currents either in the Faraday cup or in the ionization
chamber, for instance, from activation of the chamber,
and (iii) unmatched frequency response, for instance, a
time delay between ion chamber and Faraday cup (finite
collection time of ions).

We define the amplitude Mp of the coherent beam in-
tensity modulation as the mean modulation measured in
the Faraday cup during a run,

Mo (Np Np) j(Np +N——p) . — (4.3)

The measured values of Mp are between —2&10 and
—9)&10 depending on adjustments of the ion source
and the cyclotron. During a series of parity runs, Mp

varies typically by 1& 10
The cause of the modulation is not entirely obvious,

since in the atomic-beam apparatus the number of atoms
that reach the electron-bombardment ionizer is unaffected
by switching the rf transitions between w and s. A quali-
tative explanation is that the ionization probability of
atoms in the different hyperfine states is different, because
their average velocity, and thus the dwell time in the ion-
izer, is different on account of the interaction energy be-
tween the magnetic moments of the atoms and the 0.15 T
magnetic field in the ionizer. It is readily seen from the
Breit-Rabi diagram (e.g. , Fig. 1 of Ref. 15} that the ex-
pected intensity modulation is much smaller when one al-
ternates between w and s, than when either transition is
turned off permanently. Indeed, it was found that Mp in-
creases by at least an order of magnitude when one rf
transition unit is switched, the other permanently turned
off.

The sensitivity of the scattering chamber to Mp is
described by a coefficient Kp,

Rp ——KpMp, (4.4)

where Ro is the contribution to RI [Eq. (2.2)] due to in-
tensity modulation. To measure Ep, artificial intensity
modulations of different amplitudes Mp were made and R
was measured. The intensity was modulated in the fol-
lowing ways:

(i) One rf transition was turned off which resulted in

Mp —1)&10,as mentioned above. The measured asym-
metry R was corrected for effects of transverse polariza-
tion. Position modulation of the beam was negligible.

(ii) A pure intensity modulation of larger and reprodu-
cible amplitude (Mo ——5.0X10 ) was produced by at-
tenuating the neutral atomic beam with a fine wire mesh.
The mesh was mounted on a rotating wheel whose motion
was synchronized with the 30 ms measuring cycle.

(iii} A modulation Mp of adjustable amplitude
(2 X 10 to 7 && 10 ) was produced by coherent modula-
tion of the voltage applied to an electrostatic lens at the
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exit of the ion source. This also introduces small modula-
tions in beam position and beam diameter, but corre-
sponding corrections to the asymmetry can readily be
made (see Sec. IVC). For this and the preceding test, the
rf transitions were turned off (unpolarized beam).

The above tests confirmed that Ro varies linearly with
Mo. During the parity measurements, Ko was measured
periodically using methods (i) and (ii). In the early mea-
surements (series 1), Ko changed with beam current, since
the differential linearity of the 14-bit ADC s was insuffi-
cient. Series 2, using rebuilt current integrators and new
analog-to-digital converters, gave much more consistent
values for Eo. In addition, during the later runs, the in-
tensity modulation during the parity runs was small, so
that the corrections were almost negligible.

For series 1, the correction Ro to each individual parity
run was typically 1&(10 . For comparison, the correc-
tions were evaluated by using the value of Ko determined
nearest in time to the particular parity run, and by using
the average value of Ko for all measurements of the series.
The difference in the final correction to the asymmetry R
between the two methods was 0.03)(10

Even though for series 1 the corrections Ro were sub-
stantial, they largely cancel in the final result because
these modulations, to the extent they are constant, have
no effect after the results for Sol+ and Sol —are com-
bined. The systematic uncertainties in the final results
from intensity modulation are at most 0.2X10 for
series 1 and 0.05)& 10 for series 2.

The above discussion tacitly assumed that in the parity
measurements the intensity changes in a step-wise fashion
upon switching the rf transitions. In order to study the
response of the system to currents which change coherent-
ly during the 20 ms measuring time, the phase of the mo-
tor which inserts the grid into the atomic beam was al-
tered such that an intensity change of 10% occurred dur-

ing the 20 ms integration time. The measured values of R
can be explained if one assumes a 5 ps time delay between
Faraday cup and ionization chamber. Also, the depen-
dence of beam current Iz(t) after switching rf transitions
was studied with a signal averager. No coherent slope in
Iz(t) during the 20 ms measuring time was detected. The
error in the final result, calculated from a possible un-
detected coherent slope, is & 10

The 5 ps time delay is in qualitative agreement with the
expected ion collection time in the ionization chamber.
Since the time delay depends on the purity of the gas, the
ionization chamber was continuously flushed with puri-
fied H2.

C. Position and emittance modulation

In this subsection we treat the effects caused by possible
coherent changes in beam position or beam focus. The
sensitivity of the scattering chamber to beam motion
arises from the fact that the effective solid angle of the
ionization chamber and the energy of the scattered parti-
cles in the ionization volume is a function of beam posi-
tion in the target. For the parity measurements, the beam
was sufficiently close to the symmetry axis of the
chamber, and the measured upper limit of the coherent

The effects of the modulation on R are, to first order,
linear in M and linear in the displacement of the beam
center from the axis of the apparatus, e.g.,

R„=M„,(K„,+ (xi )K„,'+ (x2 )K„') .

Summed over a11 coordinates,

RM =Rz +Rz +Ry +Ry

(4.6)

(4.7)

The derivation of Eq. (4.6) assumes that the scattering
chamber is symmetric about the x-z and y-z planes, but
allows for misalignment between scanners and scattering
chamber (terms K„,, etc.).

Evaluation of RM from the observed position modula-
tions during the parity runs requires determination of the
chamber sensitivities K. Since it can be shown that

K„=K„,and K~ =K~, a t~t~l of ten ~o~ffi~i~nts ~e~ds

to be determined. For this purpose we produce artificial
position modulations with two pairs of (x,y)-steering
magnets (wobble magnets 8'I and W'2, Fig. 1) and mea-
sure separately RM for each modulation M„, Mz, etc. , for
some 20 different sets of beam positions in the chambers.
As an illustration, a typical 2 min run yields, e.g.,

RM ——(1384+16) )& 10

for (x& ) =3 mm, (x2) = —1 mm, and an amplitude in
magnet W 1 of 0.27 mrad, which corresponds to
M„, =0.06 mm, M„,=0.28 mm.

As an example, sensitivities determined from a fit to re-
sults of two sequences of test runs during series 2 are
shown in Table IV. An additional 33 runs, which were in-
terspersed with the parity runs, were also included in the
fit. One notices that the conditions imposed by symmetry
(K„"=EC~) are met. Again, as for the sensitivities to p„
and p~, one notices the effects of misalignment between
beam scanners and chamber (K„, K~&0). As will be dis-
cussed in Sec. VA, the beam axis for the parity measure-
ments was chosen to minimize the contribution from
these terms.

Within the statistical accuracy of the measurements,
there is no evidence for coherent position modulation dur-
ing the parity measurements either in the individual runs,
or in the average over an entire series. As an example, the
results for series 2+ and 2 are shown in Table V which
also gives the net correction to R after the results for
Sol + and Sol —are combined. The overall correction in

position modulation was sufficiently small, that no signi-
ficant corrections were required. Nevertheless, it is im-
portant to understand the response of the system to beam
position modulation in order to analyze the possible ef-
fects caused by coherent emittance modulation, and to test
the symmetry properties of the chamber.

The modulation in position and direction of the in-
cident beam can be described in terms of the four beam
coordinates x& 2 and y& z defined in Fig. 6. For each
coordinate, we define a coherent position modulation, for
example

(4.5)
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TABLE IV. Sensitivities K of the scattering chamber to posi-
tion modulations, as defined in Eq. (4.6). The coefficients K„
and K„are given in units of 10 mm ', all others in units of
10 mm

K„

Ky

K„

Ky

K„'

K '

K

K3'2

K„=K„'
g2 3')

Ky
——Ky

1 2

245+26
—259+27

—876+ 17 —258 + 15 —3520+20
1580+16 —258+12 —3460+20

955+ 10
942+6

Table V includes systematic errors in the sensitivities and
in the determination of the modulations.

Originally, the chamber showed a pronounced lack of
symmetry, in that the sensitivities to vertical motion (K~ )

were much larger than could be explained by misalign-
ment. The effect increased linearly with beam current.
For a 1 pA beam, the effects became so large that to
reach the desired accuracy in RM of 1X 10 would have
required determination of the vertical beam modulation to
0.01 IMm, far less than the statistical error of the beam
scanners. The cause of the problem was found to be a
vertical temperature gradient of 0.3 K/(mmpA), which
built up in 6 s after the beam was turned on. Addition of
a blower, which circulates the target gas, solved the prob-
lem.

We now consider related effects which result from pos-
sible coherent modulation of the width or diameter of the
beam, or "breathing" of the beam. The breathing ampli-
tude is described by the coherent change in the second
moments of the intensity distribution about the center of
the beam. The magnitude of these effects cannot be ob-
tained from the beam scanners, because the statistical ac-
curacy in the determination of the second moments is in-
sufficient. Furthermore, a complete analysis requires
knowledge of correlated second moments between the two
scanners. Our treatment of this problem makes use of
two observations:

(i) The breathing amplitude in any plane z along the
beam axis can be measured with high sensitivity in an
auxiliary experiment, by inserting an aperture that inter-
cepts part of the beam, and by measuring the modulation
in the fraction of the beam passing through the aperture.
In practice, apertures of 1 or 2 mm diameter were inserted
immediately after scanner Hz, and the entire scattering

P'= 0'+ i1' ~

The effect, Rz, which beam breathing has on R is

Rg ——KgMg,

(4.9)

(4.10)

where Kii can be calculated to first order from the known
sensitivity to position modulation. The coefficients in
Table IV yield

Kii ———(926+ 14)X 10 mm

During series 2 of the parity measurements the beam was
tested periodically for breathing in the plane z3, 32 cm
from z2. Neither the 1 mm nor the 2 mm aperture (inter-
cepting 40% and 15% of the beam, respectively) showed
measurable beam breathing:

Mii (1 mm aperture) = ( —40+32) X 10 mm

M~ (2 mm aperture)=(35+46}&&10 mm
(4.11)

We assume Mz & 50 X 10 rnm and thus obtain an un-
certainty in R from beam breathing of +0.05 X 10 for
series 2. For series 1, fewer test measurements were made,
resulting in an uncertainty of +0.3 ~ 10

The above treatment rests on the assumption that the
effects caused by modulations of beam position and beam
breathing are closely related, i.e., the effects are basically
geometric. To determine whether other effects (such as
temperature gradients of the target gas within the beam)
play a role, the validity of Eq. (4. 10) and the value of Kii
were tested in separate experiments by measuring R~ with
artificial beam breathing produced with a small laminated

chamber was moved along the z axis to the desired posi-
tion.

(ii) It was found that there exists a plane z =z3 (near
the center of the gas target, see Fig. 6) for which modula-
tion in angle about points in the plane has no effect on

X~R. The existence of such a plane requires that K in Eq.X)

(4.6) equals the geometric mean of K„' hnd K„. This
I

condition is satisfied by the coefficients in Table IV.
Thus it is sufficient to measure beam breathing in a single
plane z3. The amplitude of modulation is defined as

M, = -,
' ((p'& —(p'&'), (4.8)

where the radial coordinate p in the z3 plane is measured
with respect to the center of gravity of the beam,

TABLE V. Coherent position modulation M of the beam. The mean values observed during the par-
ity runs of series 2 are given in the top two lines. The last line gives the correction R~ calculated from
Eqs. (4.2) and (4.4) using the sensitivities in Table IV. The errors of M are statistical, those of R~ in-
clude in addition the uncertainties of the sensitivities K.

Series

M„
(10 mm)

My

(10 mm)

M„
(10 mm)

My

(10 mm)

2+
0.19+0.31

—0.34+0.31

0.34+0.34
—0.25 +0.43

—0.14+0.12 —0.17+0.08

0.10+0.14 —0.19+0.11

—0.20+0. 11

—0.01+0. 16

Net correction
for series 2 (10 )

—0.01 —0.08 —0.02 0.02 —0.09+0.12
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quadrupole magnet (Q in Fig. 1). The modulation Ms
was measured with the beam scanner, and also with the
aperture inserted in the beam, in order to test the validity
of the aperture measurements. The results of all tests sup-
port the above treatment.

D. Energy modulations

due to energy modulation is R, &0.2X10 for series 1

and R, &0.3X10 for series 2.
Rapid (within a run) variations of the energy modula-

tions are averaged out, but included as part of the statisti-
cal error in the final result. Finally, variations of R, from
run to run would increase the value of g for a series,
which is not the case (see Sec. V B).

It cannot be excluded a priori that the mean energy E
of the protons changes when the polarized ion source is
switched between w and s. Such a coherent energy modu-
lation, bE= —,(E —E'), could give rise to an additional
systematic error:

R, =a, (AE/E) . (4.12)

The sensitivity to energy variation, a„ is given by the
variation of the pp cross section and the response function
of the scattering chamber with energy. Using the same
calculation that was applied to calculate the sensitivities
to transverse polarization components, we obtain
a, = —1.2+0. 1. Requiring R, &10, therefore, leads to
(bE/E) &8.0X10 or b,E &0.4 eV.

In principle, one expects that the intrinsic energy rnodu-
lation from an atomic-beam polarized ion source is negli-
gible, since the energy difference for states w and s cannot
be larger than 2pB, where p is the magnetic moment of
the hydrogen atom and B the largest magnetic field (0.15
T) in the ion source, or

~

hE
~

& 2 X 10 eV. However, it
is conceivable that the protons emerging from the ion
source are injected into the cyclotron with a small
(coherent) phase space or position modulation which
could lead to a small energy modulation of the beam after
the accelerator.

While an energy modulation would be reflected in a po-
sition modulation, because the beam line contains disper-
sive elements, the beam scanners are insufficient to mea-
sure a modulation AE/E ~ 10

If the field of the spin precession solenoid is reversed,
the asymmetry due to energy variations, R„remains un-
changed. It is, therefore, possible to deduce an upper lirn-
it for R, from the average asymmetry Rs, ~

with positive
and negative solenoid fields:

E. Double scattering

The scattered protons in p-p scattering have a polariza-
tion component transverse to their momentum which
changes sign in step with the helicity reversal in the in-
coming beam even if the beam has no transverse polariza-
tion components. In this section we are concerned with
effects which might arise if the scattered protons undergo
a further scattering, e.g., in the wall of the target vessel,
before reaching the detector. We must assume that this
second scattering will produce a left-right asymmetry due
to the nonvanishing regular analyzing power. Then, a
false asymmetry RD can arise if the protons which are
scattered to the left (say) are not detected with the same
efficiency as the ones scattered to the right (see Fig. 7).

If the incident proton beam is centered on the axis of
the apparatus, double scattering produces no false asym-
metry if either the target wall or the detector has exact ax-
ial symmetry. However, if the beam is not centered, the
asymmetry disappears only if target and detector both
have rotational symmetry.

In order to study this effect, and to obtain an estimate
of its magnitude, we made a series of measurements where
the asymmetries of the apparatus were deliberately
enhanced. In one test a long strip of aluminum ( T in Fig.
7) with a thickness of 0.2 mm and a width of 20 mm was
placed on the surface of the target wall and in addition
the ionization chamber was shielded by an aluminum rod

ONIZATION
MBER

Rsoi = i (Rz +Rz ) . (4.13)

From series 1 and 2 we obtain

and

Rs, i
———(0.15+0.90) X 10

Rs i
——+(0.52+0.79) X 10

respectively (see Table VIII, Sec. V C). On the other hand,
to obtain the parity violating part of the asymmetry we
evaluate the expression —,(R,+ —R, ), where one has a
cancellation of R„ if the energy modulation has a suffi-
ciently slow drift with time. The magnitude of the residu-
al effect presumably depends on how often the sign of the
solenoid is changed. Series 1 is made up of six subseries,
three with a positive sign and three with a negative sign of
the solenoid field, whereas series 2 contained only one
subset with each field. We estimate that the residual error

FIG. 7. Origin of a false asymmetry RD due to double
scattering. The helicity of the incident proton beam causes a
transverse polarization of the scattered protons, which in turn
results in a left-right asymmetry in the second scattering. The
ionization chamber is sensitive to this asymmetry if it is not per-
fectly symmetric. For test purposes, artificial asymmetries were
produced by inserting the Al strip T and the Al rod D into the
scattering chamber.
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D with a diameter of 20 mm at the position shown in Fig.
7. With this arrangement we measured an asymmetry

R =(48.7+7.0}X 10

This value, corrected for the contribution Rz from trans-
verse polarization components, yields an asymmetry:

R —RT ——(1.1+8.3) X 10

It is essential that RT be based on sensitivities measured
for the modified arrangement, since use of the sensitivities
for the symmetric arrangement leads to completely er-
roneous results.

We conclude from this measurement that the asym-
metry due to double scattering is smaller than 10 for
this special configuration. Since, to first order, this type
of effect is proportional to the inhomogeneity of the tar-
get wall (which was enhanced by a factor 10) and to the

asymmetry of the detector efficiency (enhancement factor
—10}, the false asymmetry in the parity runs due to a
similar configuration is (0.1X 10 . Additional rnea-
surements where other artificial inhomogeneities in the
equipment were introduced and with beams which were
(simultaneously) deliberately misaligned, produced similar
results.

We estimate an upper limit of 0.2&10 for possible
systematic errors of this type. For series 1, the mounting
of the inner electrode of the ionization chamber (joint in
Al foil) introduced a larger asymmetry than the improved
mounting used later. For series 1, the upper limit on RD
is therefore increased to 0.5X 10

F. Asymmetry from beta decay

The incident longitudinally polarized protons produce
short-lived polarized P-active nuclei in various parts of
the scattering chamber. Because of the parity noncon-
serving asymmetry in P decay, the emitted electrons (or
positrons} give a contribution to the current in the Fara-
day cup and the ionization chamber which depends on the
helicity of the proton beam. Large effects are unlikely,
because the fractional current which the P's contribute to
the Faraday cup and ionization chamber is small, and the
spin relaxation time of the P emitters is expected to be
very short compared to their lifetime, so that only a small
fraction of the decays will show a helicity-dependent
asymmetry. Moreover, for relaxation times much longer
than the helicity reversal time, the effects would tend to
cancel because in this case one averages over several heli-
city reversals.

The contribution R& which P decays make to the mea-
sured ratio R can be calculated if one knows the effective
activation cross section o~ for the materials (W and Al}
struck by protons, and the change in P-emission probabili-
ty associated with the polarization reversal of the protons
which produce the activity. The intensity of P's emitted
during a 20 ms integration time of the parity measure-
ments can be expressed as

respect to the time-averaged polarization direction of the
P emitters. Note that Ap is defined operationally by the
observed modulation under the special conditions of the
parity experiment. It differs from the usual asymmetry
parameter in P emission from completely polarized nuclei,
since Ap contains, in addition, polarization transfer coef-
ficients for the reactions producing the activity, relaxation
of the activated nuclei, and averaging over the pattern of
helicity reversals.

The required effective activation cross sections o~ and
asymmetries Ap were measured in a separate experiment,
in which targets of Al and W were bombarded with polar-
ized protons of different energies, and the number of P's
of energy &0.5 MeV were counted in hE Etele-scopes.
Measurements of A~ were done with protons polarized
parallel (A all) as well as perpendicular (A pl) to their
momentum, since in the parity experiment the scattered
protons have both components of polarization. The pat-
tern of helicity reversal was identical to that used in the
parity experiment, so that the measured Ap correspond
exactly to the operational definition in Eq. (4.14).

The calculation of Rp from o.~ and A~ involves numer-
ical integrations of the contributions which P decays make
to the currents in the Faraday cup and the ionization
chamber. The results can be expressed as a sum of terms
of the form

R p ——EpopA p, (4.15)

where Kp depends on the geometry of the apparatus, as
explained below.

The results of the calculations for the Faraday cup
show that the largest contribution to R~ arises from P's
emitted by the 1 mm Al exit foil of the gas target. In this
case, the calculated value of

Kp =3.0 X 10 /b

contains the Al target thickness, the solid angle which the
Faraday cup extends from the Al foil, and the average
value of cos5. The test measurements yielded o~——0.02 b
for 50 MeV protons on a 1 mm Al target, and

A p ——( —1.0+1.4) X 10

Thus R p from this process is & 2 X 10 . The corre-
sponding limit for the W beam stop is Rp&3X10
Contributions from other parts of the scattering chamber
are much smaller.

The current measured in the ionization chamber con-
tains roughly equal contributions from activation of the
target wall and the inner walls of the scattering chamber
by scattered protons. In this case the computation of K~
involves, besides purely geometric quantities, the ioniza-
tion density of P's in the ionization chamber and the pp
scattering cross section. Also, since E~ includes the in-
tegration over cos8, the pp spin rotation parameters enter.
The pp data were calculated from the known pp phase
shifts. ' The calculated values are

I+-(0)=I(1+Apcos0), (4.14) Kill 0 7~ 10 /b

where the superscript refers to the polarization of the in-
cident proton beam, and 8 is the P-emission angle with

and

Kp ———0.3&10 /b
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where the superscript again refers to polarization com-
ponents of the scattered protons parallel or perpendicular
to their momentum. The effective activation cross section
for proton energies 25, 40, and 50 MeV and Al targets of
1 and 20 mm thickness were all &0.03 b, and the values
of A p were all consistent with zero. If we assume
A p & 2 X 10 [the measured average values were

A &i' =(0.3+0.6) X 10

and

the discretization error), whereas tests 2—4 were made
with the 16 bit ADC's. For test 3, the signal which deter-
mines whether the weak or strong field transitions are
switched on, was reversed. A possible source of electronic
coupling which might have led to an asymmetry R, of
about 10 was found and eliminated after test 3, prior to
series 2. However, since electronic cross talk cancels if
the measurements with different solenoid field are com-
bined, the systematic error in the final result is well below
10 and therefore negligible.

G. Electronic cross talk

A spurious coupling between the signal which deter-
mines the polarization state of the ion sources ( w or s)
and the electronic system used to measure the currents of
the Faraday cup and the ionization chamber would pro-
duce an additional false asymmetry R, . To check for
such a coupling we made a series of measurements
without an accelerator beam, but under test conditions
identical to the ones used in the parity runs (e.g. , beam
profile monitors turning, blower running, ionization
chamber with high voltage connected to the integrators).
To simulate the beam current, artificial current sources
were connected to the Faraday cup and output of the ioni-
zation chamber. The result of these tests is given in Table
VI.

Test 1 was done with the 14 bit ADC's (note the higher
value of the statistical error R, per minute, mainly due to

TABLE VI. Results of tests for electronic cross talk. The
cross talk R, was measured with the apparatus switched on
under realistic conditions, and with the currents from the Fara-
day cup and ionization chamber simulated by current sources.

Test
No. Time of test

Run time hR, /min
(min) ( 10 )

R, SAR,
(10 ')

After series 1

Before series 2
Before series 2
After series 2

6852
2085
1806
2546

12
3
3
3

—0.2110.16
—0.15+0.07
+0.06+0.07
—0.06%0.06

A p
——(1.1+0.6) X 10 ],

we obtain R & 10 for the ionization chamber.
The above results do not yet make use of the fact that a

1 mT transverse magnetic field B~ was applied over the
scattering chamber and Faraday cup for the parity mea-
surements. The resulting precession of the P-active nuclei
about the y direction reduces those contributions to Rp
which arises from polarization components along z and x.
This precaution, which was taken because the results of
the activation experiments were not yet available at that
time, proved unnecessary in light of the results quoted
above. It improves, however, the upper limit for the W
beam stop to well below 10, since there is no polariza-
tion along y.

The final results, R & 3X 10, should be considered a
firm upper limit. In particular, the numerical integrations
were conservative, especially when combining contribu-
tions of opposite sign.

H. Periodic modulations

The electronic system is subject to spurious periodic
signals, such as pickup of the 50 Hz line frequency, and
mechanical noise from the beam scanners through micro-
phonics of the ionization chamber. The tests reported in
Table VI show that these signals are averaged sufficiently
to present no serious problem. The principal source of
periodic modulation not included in the electronic tests is
the line-frequency modulation of the proton beam intensi-
ty, whose amplitude is a few percent.

The pattern of helicity reversals for the parity measure-
ments was chosen to suppress (i.e., average out) the effects
from periodic modulations:

(i) The integration time of 20.0 ms was fixed (quartz
clock), and was chosen to correspond to one period of the
line frequency of (50.00+0.05) Hz.

(ii) A slow drift in phase between the 20.0 ms integra-
tions and the ac line frequency was introduced by suitable
adjustment of the dead time between integrations. The
phase drift was (9+3)'/s.

(iii) The sequence of helicities consisted of groups of 16
measurements:

+ —+ —+ —+ ——+ —+ —+ —+
or all signs reversed, where the phase reversal in the mid-
dle occurs after one revolution of the beam scanners. The
starting sign is chosen in a pseudorandom way, such that
positive and negative starting sign balance exactly after
128 groups.

We needed to assess whether these measures were suffi-
cient to eliminate errors in R from signals associated with
the line frequency or its harmonics. For this purpose,
tests were made in which the helicity was alternated in a
perfectly regular pattern (+ —+ —,etc.), phase locked
with different phases to the line frequency. Values of
R=10 were observed. This result was confirmed by
Fourier analysis of normal parity runs, which revealed no
detectable line-frequency component at the level of 10
These tests address, besides the effects from line frequen-
cy modulation of the beam current, 50 Hz position modu-
lation of the beam, as well as pickup by the electronics
(e.g. , in the sample-hold circuit). In order to determine by
what factor a 50-Hz component in R is reduced by the
normal helicity-reversal pattern used, computer simula-
tions were made of 20 min runs with different amounts of
phase drift between the 50 Hz signal and the 20.0 ms in-
tegrations. The results show that the reduction factor is
typically 2X 10 . The remaining effect (2X 10 ) is
negligible against the statistical error of 5X10 . Since
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the starting phase of the different 20 min runs is random,
the effects average out over a large number of runs.

It is also necessary to consider the effects of ae line
modulations on the beam scanner data, since the beam is
scanned not during but between integrations. Measure-
ments of the corrections RT and RM were evaluated for
the above-mentioned runs which were phase-locked to the
line frequency with different phase P. They show a P
dependence of RT of 15% in amplitude, which again is
reduced by a large factor by the normal pattern of helicity
reversals. No line frequency component was found in the
analysis of runs with the normal helicity pattern. We
conclude that line frequency related effects in the beam
scanner data are completely negligible.

& x&)

O. l rnm--
=0

I

I. Empty target background and absorption effects

Tests with evacuated target showed that only 97.3%%uo of
the current I, in the ionization chamber is caused by pro-
ton scattering in the hydrogen target, the remaining 2.7%
being associated with background radiation (neutron,
gammas) originating in the beamstop and the windows of
the gas target. Thus the measured 3, should be divided
by 0.973. A similar small correction in the opposite sense
arises from the fact that the measured current Iz in the
Faraday cup contains a helicity-dependent contribution of
0.02X A, because of the 2% absorption in the gas target.
The two effects nearly cancel, and no correction was ap-
plied.

The 2.7%%uo background in the ionization chamber may
depend on the helicity of the beam if the production of
the background radiation involves parity-violating (PV)
processes. Since the background arises from many dif-
ferent types of reactions in beamstop and target windows,
we assume that the helicity dependence of the background
itself, averaged over all background reactions, will at most
be a few times 10 . We therefore assign an uncertainty
of 0.2)& 10 from this error source to the final result.

V. MEASUREMENTS AND RESULTS

A. Measurements

The measurements were made with the momentum-
analyzed beam from the SIN cyclotron. The beam energy
incident on the target cell was 50.7+0.1 MeV. The corre-
sponding energy at the effective center of the target
(weighted by the acceptance function) is 44.8 MeV, with
an runs energy spread of 1.6 MeV.

At the beginning of each running period, the sensitivi-
ties to transverse polarizations and to beam position
modulation were determined. The nominal position of the
beam in the chamber was chosen on the basis of these
measurements, as illustrated in Fig. 8 for the coordinates
x~ and x2. Since Eq. (4.1) is linear in (x~ ) and (x&), the
effect RT caused by an average transverse beam polariza-
tion (p~) vanishes along a straight line which is deter-
mined by the three coefficients a&. The corresponding line
is labeled RT ——0 in Fig. 8. Similarly, the effect R„(or
R„) caused by beam position modulation M„(or M„)
vanishes along the straight lines shown in Fig. 8. The

FIG. 8. Choice of the horizontal beam coordinates (solid dot)
in the scanners H 1 and H2 for parity measorements. The scale
for the (x2 ) axis is expanded by a factor of 5. The quantities R
are defined in Eqs. (4.1) and (4.6).

nominal beam positions (x~ ) and (x2 ) for the parity
measurements were chosen to minimize these effects. For
the example shown, the nominal coordinates (solid dot,
Fig. 8) differ from the optical alignment axis (origin oi
the coordinate system) by 0.3 mm. The coordinates of
this nominal beam position was stable to a few tenths of a
rnm during all experiments, even though the scattering
chamber was often disassembled.

During the parity measurements, the beam center nor-
mally agreed with the nominal axis within 1 mm in the
coordinates x& and y& and 0.3 mm in x2 and y2. After
every six 20-min parity runs, tests were made to measure
the sensitivity to position modulations and intensity
modulation. In addition, beam breathing and sensitivity
to breathing were measured. Beam polarizations p and
p' were checked periodically by producing a transversely
polarized beam. At the same time the chamber was
misaligned to produce a large R~ and thus to check the
accuracy of the corrections for transverse polarization
(Py &.

During each series of parity measurements, the sensi-
tivities to transverse polarization were measured at least
twice. In addition, the change in sensitivities with
changes in beam current and target pressure were studied.
As a matter of principle, the sensitivities were remeasured
whenever the apparatus was changed, e.g. , for test pur-
poses.

The transverse magnetic field, which was normally ap-
plied over the scattering chamber and Faraday cup (Sec.
IV F), was reversed every minute in order to maintain, on
the average, the axial symmetry of the chamber. Thus all
tests and parity measurements were consistently made for
an even number of minutes. The proper functioning of all
equipment was ascertained by a rigid regime of periodic
tests.

B. Evaluations and statistical tests

For each run, the mean value of the asymmetry, R, and
the statistical error, hR, was calculated in the following
way:
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(i) The asymmetry R' ' from a pair of 20 ms measure-
ments was calculated according to Eq. (2.1).

(ii) The asymmetry R " ' from a group of 16 measure-
ments (with a random choice of helicity at the beginning,
and phase reversal after eight measurements, see Sec.
IV H) was calculated as the weighted mean of the eight
values R' '.

(iii) The asymmetry R for a 20 min run was calculated
as the weighted mean of the N=20X126=2520 values
R" '. The asymmetry R is assigned a statistical error,
hR, derived from the variance of R" ':

N S
(bR) = g W~(R;" ' —R) /g W; .

N —1,- (5.1)

Here, as well as in (ii) above, the weights W; are propor-
tional to the charges accumulated in the Faraday cup.
Typically, the statistical error of a run with 0.8 pA beam
current was found to be hR =4.5X10 . The error ex-
pected from the statistical fluctuations in the number of
scattered protons is AR =3.8X10 . The calculation as-
sumed that the charge produced by each proton in the
ionization chamber is proportional to the energy loss,
where the distribution of energy losses was taken from the
calculation described in Sec. III A, while the total number
of scattered protons was adjusted to agree with the ob-
served current in the ionization chamber. Statistical fluc-
tuations of charge carriers in the ionization chamber pro-
duced by one scattered proton were neglected.

The contribution to hR from Poisson statistics of the
beam current (shot noise}, and from the discretization er-
ror of the ADC's, turned out to be small. Shot noise for
I&

———,'I, =0.8 pA was calculated to cause an additional
error of +0.19X 10 for a 20 min run. The three contri-
butions to AR add in quadrature. The observed error hR
agrees reasonably well with the calculated value. Also,
shot noise and discretization error combined explain the
statistical error in tests with current sources (Table VI).

Measurements were rejected when the incident beam in-
tensity showed large fluctuations within a group of 16
measurements, specifically when the total charge collected
in the Faraday cup for states rU and s within a group dif-
fered by more than 12%. The average rejection rate was
& 10 . The rejections were confined to short periods of
unstable cyclotron operation. To guard against gross er-
rors (e.g. , transmission errors in the data link) R" ' was
tested for deviations from the mean in excess of ten stan-
dard deviations, but none were found.

Besides calculating R for each run directly from the
R" ' values, we also evaluated the average in several steps
in order to judge the statistical consistency. In particular,
the X and corresponding confidence level CL for the
average R of each 20 min run was determined in terms of
the result for each minute. It was found that out of the
total of 69 runs, eleven had a CL below 0.1 and three had
a CL below 0.01, which is only slightly worse than expect-
ed statistically (seven runs and one run, respectively).

The group asymmetries R" ' were subjected to the fol-
lowing additional tests:

(i) For each run of series 2 (total of 88000 groups), the
mean square successive differences of the group asym-

metrics were calculated. In the 35 runs we found only one
run with significant short period variations, but none with
a statistically significant long-term drift.

(ii) The values of R" ' should be distributed according
to a normal (Gaussian) distribution with known variance.
A 7 test of non-normality for the 69 runs showed 11 runs
for which the set of 2520 R" ' values was incompatible
with a Gaussian distribution of the expected variance (at a
confidence level of 1%). Discarding these runs complete-
ly, however, changed the final result for A, only by a
small fraction of one standard deviation.

(iii) The asymmetries R ' ' from a large sample of runs
were ordered according to their magnitude. A so-called
robust estimate for the center of the distribution is ob-
tained by the "trimmed" mean: of the total of
N=189000 group asymmetries R ' the n/2 highest
values and the n/2 lowest values are removed and the
mean is computed from the remaining (N n}—observa-
tions. Even with such a procedure, the final result was
very stable. For example, for n/N=0. 3, we obtained a
change of 0.07X10 in the overall mean value of A„
well below its statistical error.

The above statistical tests used data which were not
corrected for transverse polarization components (correc-
tion Rr ) or other instrumental effects, since only the in-
tegral corrections for entire 20 min runs were available.
Experience showed that the corrections Rr often varied
significantly from one run to the next, and thus some
variation of the corrections during a run can be assumed.
It is thus plausible that the unsatisfactory P tests [(ii)
above] arise from short-term fluctuations of Rr within
the 20 min runs. It must be clearly understood, however,
that such fluctuations have no adverse effect on the
corrections applied to the results of the 20 min runs, be-
cause the parity measurements as well as the beam pro-
files on which the corrections are based involved the same
(beam-intensity weighted) averages over time.

Because tests (i) and (iii) showed no significant irregu-
larities and because the elimination of the "bad" runs
from (ii) did not change the final value of A, in a signifi-
cant way, all measurements were retained for the evalua-
tion.

C. Results

The systematic uncertainties are collected in Table VII,
which lists separately systematic effects which are (a) un-
correlated and (b) correlated for series 1 and 2. Effects
are considered uncorrelated if they depend on beam condi-
tions which change from one running period to the next,
or if the relevant part of the apparatus was changed be-
tween series 1 and 2 so that no correlation is expected.

The final results are summarized in Table VIII. The
raw asymrnetries R are the error-weighted averages of the
uncorrected asymmetries of the 20 min runs, each evaluat-
ed as discussed in Sec. VB. The corrected asymmetries,
R„are the error-weighted averages of the runs corrected
individually for transverse polarization components (Rr ),
intensity modulation (Ro), and, in the case of series 2,
beam position modulation (R~}. The error of each run
includes, besides the statistical error, Eq. (5.1), a small
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TABLE VII. Summary of systematic uncertainties in 3, (in units 10 ').

Systematic uncertainties not correlated for series 1 and 2

Transverse polarization components (RT, Sec. IVA)
Double scattering (R~, Sec. IVE)
Coherent beam modulations:

Intensity (Ro, Sec. IVB)
Position and angle (R,M, Sec. IVC)
Emittance (R~, Sec. IVC)
Energy (R„Sec. IVD)

Electronic effects (R„Sec. IVG)

Series 1

0.2
0.5

0.2
0.1

0.3
0.2
0.05

Series 2
0.2
0.2

0.05
0.05
0.05
0.3
0.05

Total systematic uncertainty applied to
series 1 and 2 separately

0.69 0.43

Systematic uncertainties correlated for series 1 and 2

P-decay asymmetry (R~, Sec. IVFj
Empty target background (Sec. IVI)
Beam polarization (Sec. IIIC)

0.03
0.2
0.05

Total systematic uncertainty common to series 1 and 2 0.21

Series

TABLE VIII. Summary of results. (The values of R are in units 10 '.)

Solenoid
Number of 20 min runs

Raw asymmetry R
Corrections:

Transverse polarization
component RT

Net correction ( R &
—R T )

Intensity modulation Rp
Net correction (Ro+ —Ro )

Position modulation R&&

Net correction (R,M —R,,i~ )

+
24

—2.65+0.98

1.19+0.09

—1.08+0.01

10
1.64+1 ~ 50

0.55+0. 14

0.32+0.08
—1.37+0.02

0. 15+0.01

+
15

—8.52+ 1. 15
20

—2.26+ 1.04

—7.41+0. 14 —3.96+0. 12

—0.01+0.13
0.09+0.08

—1.73+0.09
—1.11+0.01 —0.14+0.01

0.01+0.004
—0.20+0.09

Corrected asymmetry
Rz = (R —Rr —Ro —Rgg )
V-/(N —1)

—2.76+0.99
30.9/23

2.46+ 1.51
5.3/9

—0.80+1.17
14.2/14

1.85+ 1.09
20.0/19

pz
A, =R, /p,

Helicity effect

(R,+ —R, )

2pz'

Instrumental effect:
Rs, l

———, (R,++R, )

I'-/(N —2)
rms sum of statistical error and
systematic errors in the top part of

Table VII

—3.34+ 1.20
0.827

—2.97+ l. 83

—3. 16+ 1.09

—0. 15+0.90
36.2/32

1 ~ 30

—0.96+ 1.41
0.830

—2.23+ l.27

0.52+0.79

34.2/33
1.04

—1.60+0.95

Weighted average, series 1 and 2

Final result (including all

systematic errors Table VII)
g /N —1

—2.21+0.81
—2.21+0.84

72.2/68
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A, = —(2.21+0.84) X 10 (5.2)

where the error includes statistical and all systematic un-
certainties.

The value of X /(N —1) show for the final result was
calculated using the statistical errors only, i.e., with the
assumption that after applying the corrections RT, Ro,
and RM there are no systematic effects left. The good 7
for the 69 runs is obtained only after the corrections listed
are applied. Without these corrections, the average has
X /(N —1)=141/68. In Fig. 9 the distribution of A, for
the 69 runs is shown and compared to the expected
Gaussian distribution, with excellent agreement.

The list of systematic error sources (Table VII) is com-
plete in the following sense: one can distinguish between

contribution from the statistical error of the corrections.
For series 1, only an upper limit could be obtained for
RM, because intermittent problems with the data acquisi-
tion system prevented reliable corrections for some runs.
For this reason, a larger systematic error was assigned to
RM for series 1 (Table VII).

The corrections RT, Ro, and R~, given for positive
and negative solenoid excitations separately, are weighted
mean values of those corrections which have been applied
to each run individually. They demonstrate the effect
which corrections have on the raw asymmetries R to ob-
tain the corrected asymmetries R, . The numbers in the
center of each column (net corrections) refer to the correc-
tion to R after measurements for opposite solenoid signs
are combined. One notes that these corrections are re-
duced substantially when runs with opposite solenoid sign
are combined.

The corrected asymmetries R, show reasonable 7
values. In order to test whether the corrected results con-
tain an unexplained asymmetry which is not proportional
to p, (e.g. , from an energy modulation) we calculated an
instrumental asymmetry Rs, ~ [Eq. (4.13)]. Its values in
Table VIII are consistent with zero. The results for Rs,~

were used to deduce an upper limit for false asymmetries
due to energy modulation (Sec. IVD and Table VII) as a
systematic uncertainty.

The final result for the longitudinal analyzing power A,
was obtained in three steps:

(i) Four quantities A, =R;/p, [Eq. (2.9)] were calculat-
ed. The effective beam polarization p, was obtained by
measuring p~ with the precession solenoid turned off.
The systematic error which arises from the uncertainty of
the ' C(p,p)' C analyzing power [Eq. (3.1)] is included in
Table VII.

(ii) A, = —,'(A,++A, ) was calculated for series 1 and 2

separately. This average was taken, rather than the
error-weighted mean, to cancel possible small undetected
effects (e.g. , energy modulation) which are independent of
p, . The error of A, was obtained by adding the systemat-
ic errors in the upper part of Table VII quadratically to
the statistical error of A, .

(iii) The final result was obtained as the weighted mean
of the two series, and the systematic errors in the lower
part of Table VII were added in quadrature.

The final result for the longitudinal analyzing power
averaged over the acceptance function of the apparatus is

N

14

12

10—

I

I

(A, )~
I

I Pj

—0.20

—0.16

— O.I2

—0.08

—0.04

] I I

—15 -10 - 5 0 5 10

A, ()o ')
FIG. 9. Statistical distribution of the measured values of the

longitudinal analyzing power A, compared with the theoretical
(Gaussian) distribution. The number of runs, N, which yield a
value in a given bin is plotted on the left-hand scale, the proba-
bility P on the right-hand scale.

15

effects which are associated with the incident proton
beam, and effects which are not. The latter are covered
by the electronic tests (Sec. IV G). The former can be di-
vided into two groups: spin effects and phase space ef-
fects. The phase space effects are to lowest order covered
by the beam modulations listed in Table VII. The spin ef-
fects are either from the transverse polarization com-
ponents (RT) or due to p, (Rp, RD, and PV asymmetry
with empty target). Our experience shows that none of
the effects discussed can a priori be excluded at the accu-
racy level of 10

The large number of error sources in Table VII should
not be taken to indicate that our experiment is subject to
more uncertainties than other experiments of this
type. "' ' Rather, it results from a more complete and
quantitative treatment than has been presented in other
works.

VI. CONCLUSIONS

differs slightly from A,'":

A,"'(45 MeV) =(1.05+0.05)A, .

Thus, the final result of our experiment is

A,' '(45 MeV) = —(2.31+0.89) )C 10

(6.1)

(6.2)

Comparison with preliminary results of other experiments
at essentially the same proton energy,

A, (46 MeV) = —(1.3+2.3) X 10

The quantity usually analyzed theoretically is the longi-
tudinal analyzing power A,

'" of the total nuclear scatter-
ing cross sections. ' Since A, (0) is not entirely indepen-
dent of angle (see Fig. 3), the value A, measured for the
acceptance functions of our apparatus,

A, = —(2.21+0.84) X 10
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(Ref. 14) and

A, (47 MeV) = —(4+3)X 10

h p' h—po+h p'+h p'/~6=( —15+20)X 10 ',
h„"=h„'+h„'=( —3+8)X10 ' .

(6.7)

(Ref. 27), shows good agreement. For comparison with
the 15 MeV measurements at Los Alamos, "'

A,' '(15 M V)= —(1.7+0.8)X10

one makes use of the fact that

3,' '(45 MeV) =(1.75+0. 1)A,'"(l5 MeV) .

In Eqs. (6.1) and (6.3) the numerical factor is inodel in-
dependent within the error shown (see below). Applying
Eq. (6.3) to our result leads to

A,'"(15 M V)= —(1.3+0.5)X10

A,"'(45 MeV) =0.74h p +0.065h J~'

=( —1.3+1.6) X10 (6.8)

The numerical values are the DDH best guess predictions
with errors roughly covering the reasonable range.

In order to connect the coupling constants to A, one
has to calculate the PV scattering amplitudes from the
one-boson exchange interaction using good nucleon-
nucleon wave functions. From the calculations with the
Reid soft-core potential reported in Refs. 9 and 29 one
obtains

where the numerical value is again given by DDH best
values with reasonable range. The coefficients in this pre-
diction are roughly doubled if one uses super soft core "
wave functions. Although such a procedure is somewhat
questionable, since it amounts to regularizing the strong
potential but retaining the singularity in the weak one,
it nevertheless shows the range of uncertainty due to short
range correlations.

Although one-pion exchange does not contribute to A,
in the pp system, there is a contribution from 2m ex-
change. Using the Reid potential and the DDH best value
for f one obtains at 45 MeV a contribution to A, of
—0.17Xf = —0.78X 10 (Refs. 9 and 3). However, in
order to contribute, the two pions have to carry the quan-
tum numbers of the p meson since their s-wave contribu-
tion is forbidden by CP conservation. It is therefore not
clear how much of the 2' contribution should be added
explicitly without double counting.

Recently, direct quark model calculations of A, have
been proposed. At 100 MeV these calculations predict a
very strong angular dependence of A„which is hardly
physical because they imply large contributions from high
partial waves. Clearly more theoretical work is needed for
a reliable analysis.

The study of parity violation is now approaching the
point where reliable quantitative conclusions are possible,
which allow us to test our understanding of the interplay
between weak and strong forces in a sector which is not
accessible otherwise. Thus we finally ask what further
progress can be achieved on the experimental side.

Without doubt, additional experiments of higher pre-
cision are needed in order to determine all of the relevant
couplings in an unambiguous way. In the pp system, a
measurement of A, in the range of 200—300 MeV could
give complementary information to the low energy data,
since a different linear combination of hz and h deter-
rnines the analyzing power. ' At these energies, the pp
system is still well understood, whereas at higher energies,
when inelastic channels are open, the analysis becomes
much more difficult.

A direct measurement of A, in the np system with suf-
ficient accuracy ( & 10 ) is, unfortunately, very difficult.
We, therefore, measured the longitudinal analyzing power
in p-a scattering, again at 45 MeV. This target was
chosen for its attractive theoretical and experimental

A,"'(45 MeV) =2.9f('So-'Po), (6.5)

which yields

f ('So- Po) = —(0.80+0.31)X 10 (6.6)

Ideally, the experimental results should be compared to
calculations based on a fundamental theory of weak in-
teractions such as the standard Glashow-Weinberg-Salam
theory. However, strong interactions intervene on several
levels in such a program and it is more convenient to
proceed in steps. The standard way to analyze parity
violating nuclear effects is to relate them to a parity
violating nucleon-nucleon interaction based on one-boson
exchange. The parity violating interaction is thus
parametrized by a set of parity violating meson-nucleon
coupling constants, which can be determined from experi-
ments and compared to calculations based on a basic weak
Hamiltonian in conjunction with quark model and QCD.
A comprehensive account of such calculations is given by
Desplanques, Donoghue, and Holstein (DDH), who ar-
rive for each coupling constant at a rather wide "reason-
able range, " and a "best guess" value within that range.
In p-p scattering, only p and m exchange contribute while
one-pion exchange is forbidden by CP conservation. Only
the following two combinations of the usual isospin (,I) la-
beled coupling constants given in DDH enter therefore:"

in good agreement with the 15 MeV experiment.
At low energies (E„&100MeV), A, is dominated by

the parity nonconserving (PNC) 'So- Po transition. Thus,
A, (E„,O) can be written as

&,(Ep, 8)=f('So Po)KO(E-p, 0), (6.4)

where f('So- Po) is the real PNC amplitude defined in
Ref. 8, and Ko(E~, O) can be calculated from the known
strong p-p phase shifts. The angular dependence Eo
(Ep ——44. 8 MeV, 0) in Fig. 3, and the numerical coeffi-
cients in Eqs. (6.1) and (6.3) were calculated using the p-p
phase shifts of Ref. 19. The contribution of the next
higher PNC transition, ( P2-'D2), gives a correction of
only a few percent. ' This correction is model depen-
dent and is responsible for the uncertainties in Eqs. (6.1)
and (6.3).

Equation (6.4) allows one to relate 2,'" to f('So Po)-
We obtain
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features, i.e., simple nuclear structure and high breakup
threshold. The results, which depend in this case sensi-
tively on f, will be published elsewhere.

Considerable progress has been made recently in parity
violation experiments in ' F, ' F, and 'Ne and their
analysis. ' However, the combination of coupling con-
stants measured in p-p scattering [Eq. (6.8)] is not accessi-
ble in these measurements or in p-a scattering. In partic-
ular, they are insensitive to h&.

Since the data presented in this paper were taken, con-
siderable improvements have been achieved in beam con-
dition as well as efficiency of the data acquisition system
and other features of our experimental setup. We plan to

resume the p-p experiment in order to achieve an accuracy
of a few times 10
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