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INTRODUCTION

The Syracuse University Medium Energy Physics Group, which during this year

has included a faculty member, three graduate students, and a research associate,

is actively engaged in several research projects that are described below.

Our major active program is a series of experiments at LAMPF in which we

are using a laser to polarize muonic atoms with the ultimate goal of measuring

fundamental spin-dependent parameters in nuclear muon capture. We recently

submitted a paper to Physical Review Letters describing the final results of our

1990 run in which we stopped unpolarized negative muons in a polarized :_Ile target.

We observed that the muons attained a polarization (normalized to 100% target

polarization) of 7.2-t-0.8%. This is about a factor of two smaller than predicted by

simple cascade theory which neglects collisions.

In the summer of 1991, we completed a successful new rlln at, the Stoppe(l

Muon Channel (SMC) at LAMPF in which we stopped negative muons in an unpo-

larized aHe target which contained polarized Rb vapor. We observed that negative

muons stopped in the target were polarized directly by the Rb during a time scale

comparable with the 2.2 #sec lifetime of the muons. Within a few muon lifetimes,

polarizations approaching 75% were observed in the active region of the target. This

represents a vast improvement over previously available techniqlles.

We have made progress on an experiment that we prol)¢>sed l,<)Ket,ller with

SLAC, Princeton, Stanford, American University, Harvard, and Wisc()nsin to rTl('a-

sure the spin-dependent structure functions of the neutron at SLAC. Our ma;n



responsibility is to develop a hodoscope system for tile spectrometers. This year we

developed prototype detectors and presently are constructing the full system.

We are also a member of a collaboration including MIT, Alberta, Saclay, and

WPI, which has measured the tensor polarization of deuterons scattered by cleo-

trons. The results have been published in Physical Review Letters.

Finally. looking towards the future, we have submitted a proposal i.o CEBAF

to measure the parity-violating asymmetry in the scattering of polarized electrons

from hydrogen, deuterium, and helium. We plan to use the spectrometers in Hall

A°

1. Polarized Muonic Atoms

1.1 INTRODUCTION

The past year has been a productive one for our collaboration with Princeton

lTniversiiv which is using lasers to polarize muonic atoms. First, we have completed

the analysis of our experiment performed in the summer of 1990 in which we stopped

negative muons in a polarized 3tie target. Second. we have completed a, new rlln

in which we have polarized muonic :_'He and 'lHc by interactions with polarized Rb

vapor. Preliminary results indicate that this latter technique is extremely powerful.

For these experiments, the Princeton group is responsible t'or developing the

polarized targets and has participated in the dai a analysis. The Syracllse grollp is

responsible for the beam development, construction of the particle detectors, the

data acquisition system, and data analysis.

1.2 POLARIZED TARGET DATA

Muons bound to polarized nuclei become polarized via the hyperfine interac-
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tion, a technique denoted "repolarization" and first, appl.,-,d t.o e°gBi.l We have

3
successfully used this method by stopping a beam of unpolarized muons in a He

target which was polarized via spin exchange with laser-optically pumped Rb atoms.

The core of the apparatus is a 2.5 cm diameter spherical glass cell 100p. thick

containing ,--8 atm of aHe, ---70 torr of N2, and several mg of metallic Rb. The

aHe was polarized by spin exchange with Rb vapor optically pumped by a 5 W

TJ:Sapphire laser. Operation at 200°C provided ample Rb vapor density. Average

polarizations of ---35% were achieved during tile run. Tile targets were polarized in

a "pumping station" outside of the beam cave. In a unifornl field, these cells have

lifetimes on the order of 80 hours. When transported to the apparatus in the muon

beam, the targets decayed with a lifetime of abollt 30 holirs, limited by magnetic

tield gradients produced by the last beam quadrupole. While in the beam line, the

was operated at only 50_C.

In order to stop muons cleanly in this small, thin target, a _pocial beam l line

was developed for the Stopped Muon Channel at I,AMPF. ;2The main features wore

a narrow momentum spread and, through acombination of focllsing and collimation.

asmall beam spot with an area of---1 cm 2. At, the lmual oi)orating momentum of

22.5 MeV/c, the beam provided an average muon rate of-_l k ltz.

ek diagram of the apparatus is given in Fig. 1. Our design has several il,_portant

features which combined the needs of the t)eam and those of lhc t argel. First was

a 15 cm diameter nipple 15 cm long. lt was filled with a Pb c,>llimator shaped

to accommodate the beam envelope. ,,kt the end was a 2.5 cm dianmter vacullin



window made of 25 /_ kapton. A second window of the same (timensions served

as a safety device. Second, a counter box was designed to fit. onto the nipple.

Two 25p scintillators were mounted in a tent made of 2.5tl aluminized mylar that

isolated the counters and fed the light into lucite light guides. This configuration

minimized the material in the beam. Finally, a target, box was constructed with an

entrance window made of 2.5# aluminized mylar. The target box also had RF coils

for measuring the EPR resonance, a hot air system to regulate the temperature, a

fiber optics input, a lens, a filter, and a detector. The electron telescopes were of

conventional design.

The direction of the spins in the target followed the direction of a I 2 G mag-

netic field which was reversed every few minutes. Decay electrons were detected

t)y scintillation counter telescopes, and an asymmetry was formed by comparing

t.he number of electrons that decaved parallel N lT and antiparailei N II to the

magnetic field. The experimental asymmetry

N 1"1" -N T[

- ,vl-T....i x Tr

is shown in Figure I. In practice, we used the more complicated equation

(\/f2-B-::: _ \,,T±-B-__) I(T +'B +- -T I_ )
" --7" .............. _ - ,,

A,zp (v"T* B- + vr- B +) 2 (7 `+ "B* ! 7'-//:i -)

where T(B) refers to counts from the top (bottom) telescope. This form, which

requires two electron telescopes, has the advantage t,hat rlorlnalization I,() l,he i)earii

rate is unnecessary. Since our beam t_:_.scope was potentially influenced by the
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Figure 1. Apparatus for Stopping Muons in the Polarized Target. A) Helmholtz
coils to provide the 2 gauss field. B) Al nipple. C) Counter box. D) Muon counters.
E) Target. F) Target box. G) Electron counters.



changing magnetic field, this is an important detail. A large asymmetry is apparent

which corresponds in aggregate to a. 20 standard deviation effect.. The sign of

the asymmetry reverses, as expected, when the direction of the spins relative to the

magnetic field is changed at the pumping station. The ability to flip the asymmetry

in two independent ways (flipping the magnetic field and flipping the spins relative

to the field) is a powerful technique for measuring small asymmetries with minimal
8

systematic errors. It is one of the key advantages lasers bring to this field.

The muon polarization normalized to the target polarization pN is obtained' I t '

from Aexv by correcting for the fraction of stops in the gas, target polarization, and

the analyzing power of the decay electrons:

P_ = Ae_.pPHeaef_,

where PHe is the target polarization, ae is the analyzing power of the decay elec-

trons, and fs is the fraction of stops in the gas. Our effort, dllring the past yea, r was

focussed on evaluating these factors.

The target polarization is determined by measuring a shift in the EPR rose-

nance of the Rb due to the He polarization. The noise in the frequency is negligible.

"['he dominant error arises from a single calibration constant which was measured

in a separate series of experiments at Princeton. The average polarization was

0.36_0.02.

The analyzing power of the decay electrons, ae, depends upon the. direction of

the electron as well as its energy. We evaluated these factors with a Monte Carlo



calculation, obtaining ae = 0.29 4-0.02%.

The fraction of the detected muons stopping ira the polarized target was ¢te-

termined by fitting the time spectra of the decay electrons relative to the negative

muon stop. A typical run is shown in Fig. 2. Here we see that the ;'He spectrum

looks to the eye the same as a spectrum for glass, and one must rely on the reslllts of

a least-squares fit. In order to evaluate the ability of our fitting program to extract

the correct stopping fraction, we obtained a wide body of data at. many different

momentum points for both full and empty targets. The results are shown in Fig. 3.

There is a good peak where we expect the 3He to be. We determined from this

curve that 39% of the decay electrons come from stops in the He. We estimate the

fractional error in this factor to be 5.6%.

We obtain a result of pN= 7.2 _ 0.8%, which about a factor of 2 smaller than

predicted by calculations that neglect the effects of collisions during the cascade. :_

This is a striking result. We note that when polarized muons are stopped in 4He,

the asymmetry is a factor of 3 or so smaller than predicted. 4 This is in sharp

contrast with the case for higher Z atoms, where theory and experiment are in

agreement. The fact that unexpectedly small polarizations reslnlt, when negative

muons are stopped in He, t)oth for polarized beams and polarized targets, probably

results from collisions occuring during the cascade from the large n orbit in which

the muon is captured down to the ground 1S state. For most atoms, the cascade

occurs through internal Auger processes and is insensitive to collisions. However.

He has so few electrons that external Auger processes, which occur dllring collisions
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Figure 2. Time spectrum for 3He. N(.te the excellent, statistics. The spike near
t=O, which is excluded from the fits by a cut on events within 250 ns of the muon
stop, is due to stops in a lead collimator in front of the target.
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with other atoms, dominate.

For polarized beams, the muon is polarized in the initial orbit, so depolarization

may occur any time. T.ncontrast, for polarized targets, the muon doesn't become

polarized until some lower orbit, which we estimate to be in the range n _ 4 - 5.

and collisions in higher orbits are unimportant for the final polarization. Thus

we were hoping that the anomalous depolarization would be much less for the

polarized target case. Nevertheless, the highest, polarizations may be obtained with

a polarized target. In addition, polarized targets provide better control of systematic

errors as is illustrated by our asymmetry plot.

1.3 POLARIZING MUONIC HE DIRECTLY WITH POLARIZED RB

To overcome the problem of small polarizations, we have conceived of a new

approach, in which the spin of the Rb atoms is transferred directly to tile muonic

helium after the cascade but before the muon (lecays. Tllis _netho(l viel(ls Iligh

polarizations, in principle as high as 75% for atoms that ]lave been in the tar-

get sufficiently long. We demonstrated that this method works in a rlln ai, i.he

I,AMPF SMC this summer. An important effect of high vector polarizations is that

moderately large tensor polarizations become possible, t)roviding a practical way of

measuring two spin-dependent parameters in muon capture.

The basic idea is to transfer the spin of the R.b atoms directly to the muonic

helium in the ground state. This may be accomplished if the nllloni(" hell,lm is in a

paramagnetic state, namely as a neutral "hydrogen" atom. Thus a two step process

is required. First, the muonic ion, which is produced when muons are ca ptllred
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by He, must be neutralized. This may be accomplished by (,harge exchange with

some donor, such as Xe or CH4, before the muonic ion thermalizes. Thermalized

muonic ions form molecular ions, which do not react with the above donors. The

second problem is to provide a sufficient density of Rb to polarize the atoms on

a time scale comparable with the 2.2 _sec lifetime of the muon. Measurements

of Rb densities possible in practical cells as well as estimates of the spin-exchange

cross section scaled from hydrogen data 5 suggest that reasonable polarizations are

possible; _- 25% averaged over ali times and --.15% for muons lhat have been in

the target for 2 ttsec. Another possibility for neutralization is charge exchange of

the molecular ions containing the muonic ion with Rb atoms. This pro<:ess, which

will also polarize the muon because the captured electron is polarized, has a cross

section similar to that for spin exchange.

The atomic physics issues in the neutralization of muonic helillm are qllile in-

leresting in themselves. "Phe large concentrations _)i"Xe (-- 1";} which were observed

to be required in previous experiments forming neutral muonic tie will silcnificantly

_tepolarize the Rb. Thus cells incorporating Xe require a compromise t)elwe(,n lhe

low concentrations needed to maintain highly polarized lib and lhc I)i_h concen-

Irations required for efficient neutralization, in ('on)rast. (,',ll 4 has )lo ilnwanled

interactions with the Rb. (2tt4 also has been (l(,monstraled l¢) (,tlici('ntlv ne_ll, raliz(,'

positive muons. 6 However. studies of hot, )rili_lm chemisl_rv in lto-('lt.l mixl_lros 7

indicate that, unwanted diamagnetic species sllch as neutral ft,2 (where one of lhe

ft is muonic He) will also be formed at some level.
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The following modifications to the apparatus used for the polarized target work

described above were made:

1. The laser beam was brought into the beam cave so that it could polarize the

Rb atoms while the beam was on the target.

2. New targets were made with various amounts of Xe and CH,1. Both 3He and

4tie targets were available.

3. A new target box was fabricated at Syracuse which could be heated to 200 °

C. This temperature provided the maximum vapor pressure of Rb that the

laser could polarize.

t. New electron counters positioned near the oven were f:_bricated at Syracuse

to accommodate the new geometry.

5. The software was modified bv Syracuse to accommodate flipping of the laser

beam instead of the magnetic field. The software also cornpllted the time

dependence of the measured asymmetry.

The run this summer went extremely weil. Our first target, was 4He with

several "7 ('H4, which we expected to be the easiest case. We immediately observed

a large time-averaged signal. We then tried a 'lHc cell without methane to test. the

possibility of using Rb as an electron donor. \Vo were plesantlv sllrprisod to see an

oven bigger signal. We thus had tentatively demonstrated

1. \|ethane can neutralize the mllonic helillm ion.

'2. We can obtain large polarizations with spin-exchange of ]{t) with nelltral

muonic helium.
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3. We can neutralize thermal muonic helium ions, which are presumably bound

molecular ions, with Rb.

The next phase of the experiment was to obtain detailed time spectra with four

targets; 3He and 4He both with and without methane. The results are shown in

Fig. 4 There are two general trends:

1. 4He yields larger polarizations than 3He.

2. 4He yields faster polarizing times than 3He"

3. With methane, polarization buildup times are longer.

The reasons for the larger polarizations for 4He is that the nucleus is spinless;

for 3He, 1/4 of the muons are in a singlet state and cannot be polarized. The

longer polarization times for the 3He result simply from the fact that more angular

momentum must be exchanged because muonic 3He has spin 1 versus spin 1/2 for

muonic 4He. The data also indicate that Rb works better than methane. This is

expected if the charge exchange cross section for Rb is larger that the spin exchange

cross section.

This novel technique has great promise, especially for application to measuring

the spin dependence in the reaction/z-+3He--+3H+tJ. Advanl, ae,,es include:

1. It should result in high muon polarizations, perhaps an order of magnitude

higher than possible with nuclear polarized 3He. This is because all of the

triplet states, which constitute 75% of the sample, may in principle be fully

polarized.

2. It produces both vector and tensor polarizations. The tensor polarization
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polarized Rb. Curves on the left are for 3He and on the right for 4He. The bottom
curves are for targets with several percent methane added as an electron donor.



Q

15

can provide additional information on the physics of the capture process.

3. The apparatus to detect the recoil triton, which must be an integral part of

the target, should be easier to develop for the new target. First, the time

constants for the Rb polarizations are on the order of milliseconds, much

shorter than the tens of hours characteristic of polarized 3He. This greatly

expands the list of materials that can be added to the target to construct a

detector. Second, only the volume of the target where the muons stop need

be polarized; the additional 2 cm of He needed to stop the tritons can be in

a region without polarized Rb.

Although considerable development work is required, we believe that we are

on the path to performing an important measurement on the spin dependence of

muon capture in 3He.

2. Spin-Dependent Structure Functions of the Neutron

We are planning to measure the spin-dependent structure functions of the neu-

tron in the kinematic range 0.04 < x < 0.6 for Q2 >l(GeV/c)2. The experiment

uses the 22.7 GeV polarized electron beam at SLAC scattering from a polarized

3He gas target in End Station A. The scattered electrons will be detected by two

fixed arm spectrometers.

2.1 SPECTROMETERS

The experiment will use two independent spectrometers, one at 4.5 ° and the

other at 7° . As shown in Fig. 5, they will use dipole magnets borrowed from the

SLAC 8 GeV and 20 GeV spectrometers. They are designed to have a, moderate
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solid angle acceptance over a large momentum range. This will enable data to

be obtained simultaneously over the range .05 < x < 0.6. Complementary data

obtained with a lower central momentum will reduce the minimum x measured to

0.04.

The detector package is designed with the requirement that more than one

useful electron be detected during a SLAC beam pulse. Successful operation at

these rates has not previously been achieved at SLAC. Therefore, there are some

unique features in our design.

There will be three primary types of particle detectors: gas (_erenkov counters,

lead glass Cerenkov total absorption counters, and scintillation hodoscopes. The

gas (_erenkovs will identify the electrons, the segmented lead glass counters will

determine the energy and direction of the electron, and the hodoscopes will provide

tracking information to verify the performance of the lead glass. Wire chambers

will also be installed, but will be limited to recording one event per pulse.

One novel feature will be the use of pipeline TDC's to record the timing infor-

mation for all the devices without electronic dead time. This feature, suggested by

Syracuse, will enable us to operate at higher event rates and also carefully evaluate

any errors caused by the high rates.

2.2 HODOSCOPES

Since the spectrometers for Experiment E142 will rely primarily on (_;erenkov

counters and a lead-glass array for electron identification and the determination of

the kinematics, the role of the tracking will be somewhat unconventional as follows:
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TOP VIEW Hodoscope

JCerenkov

Bend Magnets

4.5" Pb-glass
Target Shower

Counter

o

Bend Magnets /
Cerenkov Hodoscope

SIDE VIEW (7")

Target [_i3
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Figure 5. Top and side views of the spectrometers for E142. Each spectrometer uses
two dipoles. The detector package consists of gas Cerenkov counters, lead glass, and
scintillation hodoscopes.
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1. Verify that there is a track consistent with the kinematics for individual

events.

2. Provide data for a statistical evaluation of possible systematic errors in the

lead glass and Cerenkov data.

3. Calibrate the gains 9f the lead glass channels by measuring the energy of

incident electrons.

4. Provide asymmetry data for pions.

We have begun to build a set of scintillation hodoscopes that will meet the

above needs. Scintillators were chosen because they are simple, fast, and reliable.

The modest position resolution available from an economical system is adequate for

our application. We have completed our tests of photomultiplier tubes, scintillators,

and light guides, and have ordered most of the materials needed for the construction

of the full system.

Table I describes the configuration of the hodoscopes. Each plane consists of

two layers of overlapping 1/4 in. thick counters, giving us position binning one.-third

the width of each counter as shown in Fig. 6. There are a total of 288 channels.

The mounting of a full hodoscope, with counters in both the horizontal and vertical

directions, is illustrated in Fig. 7 and Fig. 8.
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Figure 6. Geometry of the hodoscopes. This overlapping geometry improves the
resolution of the system by a factor of two, yet is still relatively insensitive to delta

rays.
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l"igure 8. I)etails of the mounting of the counters
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Table I

Specifiecations for Each Itodosco)e

7° front 7° rear 4.5 ° front 4.5 ° rear
i i

Height (bend plane) 69 cm 107 cm 57 cm 107 cm

Width 43 cm 51 cm 41 cm 51 cm

Counter widths 3 cm 3 cm 2 cm 3 cm
........................

RMS resolution (60) 0.9 mr 0.9 mr 0.4 mr 0.6 mr

Number of verticaP counters 23 27 34 27

Number of horizontal counters 36 55 31 55

The PMT we have chosen to use is the Hamamatsu R4124, a 1/2 in. design

with 10 stages, a nominal current amplification of 1 × 106, a rise time of 1.1 ns,

and a transit time spread of 0.5 ns. Another tube we investigated, the Hamamatsu

R1450, was inferior in ali tests. The compact size and low mass of the R4124 is

ideal for our application, and its performance is excellent. The phototube bases we

will use also are supplied by Hamamatsu (model E849-68).

The scintillators we tested were Bicron BC-408, BC-404, and BC-420. Of these

we found that BC-404 had the best pulse height, an important factor especially

for our longest counters. BC-420 was slightly faster at a substantial penalty in

attenuation length and cost; we chose to use BC-404 in our hodoscopes.

Fig. 9 shows typical values for mean pulse height as a function of tile position of

a Ru-106 source along the counter, for a 1 m long counter and a 40 cm counter. BC-

404 was used along with a typical PMT. The system was triggered by a second, thick

scintillator underneath the BC-404; these events should have an energy deposition
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in the BC-404 similar to what we will see in the SLAC experiment. The far ends of

the scintillators were blackened, thereby avoiding pulse broadening due to reflections

at a cost of reduced pulse height for events near the far ends. We get mean pulse

heights of about 620 mV even at the far end of the long counter. These pulse heights

are more than adequate for our purposes. Pulse widths were less than 4.5 ns.

In tests using an LED light pulser with a pulse structure similar to the SLAC

beam, we have found that these tubes and bases do not suffer any noticeable sagging

or saturation provided our rate is less than about 100 hits per beam burst per

counter. This is far in excess of the rate we expect.

We performed tests at SLAC in End Station A to determine whether the raw

phototube pulses could be sent to discriminators inside the counting house. We

found that for our short pulses, we lost a factor of about 3 in pulse height while

the pulse width increased by about a factor of 3. Based on these tests, we have

decided to discriminate on the floor of End Station A and send the logic pulses (via

repeaters) to the counting house.

Fig. 10 shows the design of a single channel of the hodoscopes. The black end

pieces sez've three functions: optical blackening of the far end of the scintillator;

support for a fiber optic cable which will inject light into the system for diagnostics;

and mechanical support for one end of the counter. The other end is supported

by the black front piece. With careful assembly techniques, we should be able to

position the counters to an accuracy of 10 mils, a factor of ten better than our track

position resolution of 3 mm.
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Figure 10. Details of the design of an individual hodoscope channel.
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At this time we haw received all of the magnetic shields and phototube bases,

and 50 of the 300 phototubes. The remaining 250 tubes will be delivered by January.

The full order of scintillator should be delivered by late-October and the light guide

material is expected by late November. Projected completion date for assembly of

the hodoscopes is mid-February.

3. Parity Violation in the Scattering of Polarized Electrons

3.1 HYDROGEN TARGETS AT C E B A F

Recently, we submitted a proposal to CEBAF entitled "Parity Violation in

Elastic Scattering from the Proton and 4He," which will use the precision spectro-

meters in Hall A. Projected running times for kinematic points at 12.5 ° and Q2

around 0.5 GeV/c 2 are only a few hundred hours to achieve errors better than 10%.

This experiment is in collaboration with William and Mary, Cal State, CCNY,

CEBAF, Harvard, MIT, Princeton, Stanford, and UVA.

The object of the experiment is to measure the spin-dependent asymmetry

A--(oR--oL)/(oR+oL)

where aR(L) is the cross section for elastic scattering of right(left) helicity electrons

from the target nuclei. The asymmetry is caused by an interference of the weak neu-

tral current with the ordinary electromagnetic one. For scattering from the nucleon

at intermedie.te Q2 values, the asymmetries are (_.')minated by weak magnetism.

In developing the proposal, we have studied the physics implications of a mea-

surement of the asymmetry at the 5-10% level. A central point, is the possible
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contribution to the charge distribution of the nucleon due to strange quarks. A

number of predictions appear in the literature. Jaffe 8 suggests the possibility of

large contributions based on fits to unpolarized data. Various versions of Skyrme

models 9 predict smaller contributions that are viewed as more realistic but still may

be detected by our experiment. The contributions for these models are shown in

Fig. 11. A naive vector dominance argument would predict much smaller effects.

Another issue is theoretical uncertainties. For example, the asymmetry depends

on the size of GEn for the neutron, which is not well measured. The contribution to

our experiment based on typical estimates of this form factor is also shown in Fig.

11. Such uncertainties are unimportant if some of the larger estimates of the strange

quark effects are valid, but improved form factor measurements will be required for

the full potential of our experiment to be realized.

Rema:'kably, most of the extensive apparatus required is already planned for

CEBAF. This includes two high resolution spectrometers, a polarized source, an

instrumented beam transport line, a cryogenic target, and an electron polarimeter.

Some specialized equipmer.t will be required, including detectors and electronics.

We have also itemized the relevant systematic errors for a CEBAF experiment.

Many problems, including changes in beam parameters correlated with helicity,

are expected to be similar to those of our experiment at Bates 1°. Using similar

techniques, we can make these effects negligible. Other problems, such as false

asymmetries arising from a misalignment of the direction of the beam polarization,

are negligible at the higher CEBAF energies. CEBAF has the advantage that by
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Figure 11. Effects of strange quarks on the p:trity asymmetry [or hydrogen at small

scattering angles as a function of Q2. The curve labeled Jaffe is the smallest of the
three estimates found in Ref. 8. The Skyrme models predict that the effects fall at

large Q2 values. The contribution due to GEn for the neutron is also given.
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slightly changing the beam energy, one can induce an extra g .....2 flip in the acceler-

ator to reverse the physics asymmetry whicl canceling other systeamtic errors. One

unique problem of the Hall A apparatus is the possibility of asymmetries induced by

electrons scattering from the iron pole pieces of the spectrometer. Careful baffling

of the spectrometers will reduce this effect to a negligible size.

3.2 ELASTIC SCATTERING FORM CARBON

During this past year, we have begun to prepare a paper which will provide a

full description of Bates experiment #77-14, which measured the parity violating

asymmetry in the elastic scattering of polarized electrons from 12C nuclei. A report

of this work has been published in Physical Review Letters 1°. Our first task has been

to assemble figures which are based on the entire data set. Most of our available

figures, which were produced by the three students granted a Ph.D. degree from

the data, describe only a subset of the data.

4. Tensor Polarization in Elastic eD Scattering

The deuteron is the most basic of all nuclei, yet the details of its structure still

pose many open questions. 11 The elastic scattering of electrons from the deuteron

may be described in terms of three electromagnetic form factors, Fc, FQ, and F M.

In conventional scattering experiments, where no spins are observed, only FM and

a combination of FQ and Fc may be determined. The separation of the latter two

form factors requires an additional measurement involving spin, such as the tensor

polarization t20 of the recoil deuteron.

Data were obtained for this experiment in ]987-1988. In addition to running
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shifts, the contributions of Syracuse included some of the construction of the cryo-

genie deuterium target and the design of the recoil deuteron spectrometer. These

contributions were described in previous reports. This year, we have published the

final results, which are given in the table below.

Table II

Results for t20 Experiment

0e q(fm -1) t20

80.9 ° 3.78 +0.002 -1.24+0.17(0.10)

78.7 ° 4.22 +0.002 -0.82+0.15(0.11)

76.7 ° 4.62 -t-0.002 -0.47±0.18(0.13)

Our data and predictions of several interesting models are indicated in Fig. 12.

Qualitatively, our data are rapidly rising, indicating a zero in Fc at a momentum

trasnfer of about 4.5 mf -1. They are totally inconsistent with some exotic predic-

tions, including a perturbative QCD model,12and a simple six-quark prediction.13A

Skyrme mode114does fairly well, as does a coupled-channel model with small AA

admixtures, la The conventional impulse approximation (lA) combined with me-

son exchange terms (MEC) works well for the new Bonn potentiali6but poorly

for other conventional potentials such as the Argonne V14 potential (short dashed

curve).lTThe Argonne potential IA without MEC (solid curve), however, does weil,

and a comparison of the two models indicated the importance of the Ml'J(;.

5. Hyperfine Structure of Muonium

LAMPF Experiment 1054, "Ultrahigh Precision Measurements on Muonium

Ground State: Hyperfine Structure and Muon Magnetic Moment," plans to deter-
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Figure 12. Comparison between different theoretical predictions for t20 including

nonrelativistic IA (solid line), IA+MEC (short dashed curve), new Bonn IA+MEC

(double-dot-dashed curve), isobar coupled-channel model (long (lashed curve), Skyrme|

(dotted curve), simple six-quark prediction (dot-double-dashed curve), perturbative

QCD (dot-dashed curve).
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mine the hyperfine splitting of the muonium atom to 5 ppb (parts per billion) and

the muon magnetic moment tt_ to 50 ppb. It will be performed by a collaboration

including Heidelberg, Yale, LAMPF, and Syracuse. The experiment is a natural

extension to a previous series of muonium experiments al. LAMPF. la

The heart of the apparatus is a precision solenoid, which will provide a field on

the order of 2T. This past year, LAMPF has purchased a used commercial cryogenic

MRI (Magnetic Resonance Imiging) magnet for the experiment which appears to

be ideal. The warm bore (before shimming) is 1.05 m. Operating the magnet, is

inexpensive; it runs in the persistent mode and uses 0.3 l/ht of liqued He anti 100

l/week of liquid nitrogen. The field is stable in time. This is a key milestone on the

progress of the experiment.

The crucial parameter of the magnet is its homogeneity. Similar magnets have

been shimmed to within 1 ppm peak-to-peak over a 20 crn diameter sphere, and we

expect to do as well. The magnet is presently at the SMC at LAMPF.

We have held meetings at Heidelberg, Syracuse, and Yale to discuss how to

proceed with the experment and in particular to develop a design that simplifies

reducing the systematic errors. The most important systematic errors in #tl for the

previous experiment were:

1. Statistics-0.2 ppm

2. Line shape uncertainties-0.22 ppm.

3. Magnetic field measurement-0.15 ppm.

4. Field inhomogneity-0.15 ppm.
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For the new experiment, it is fruitful to discuss how each will be improved.

Statistical errors are the easiest to evaluate. Based on beam improvements and

other factors, we estimate that the statistical error in tLu will be reduced to 0.03

ppm.

The thrust of the original proposal nicely addresses the biggest error, uncer-

tainties in the center of the line arising from a lack of knowledge of tile exact line

shape. This error is best reduced by reducing the width of the line. The principal

method, lowering the RF power driving the transition and observing only mllons

that have lived significantly longer that the average lifetime, significantly narrows

the line. In addition, we can vary the width of the line by increasing the RF power

and observing ali muons. Comparing lines of different widths m easure.s properties

of the line that will allow us to accurately determine the center. This eliminates

theoretical uncertainties in the line shape. Finally, the stronger magnetic field used

in the new experiment also narrows the line.

The last two errors, which relate to the magnetic field, are perhaps the most

difficult to deal with. However, with the new solenoid, we should be at)le to obtain

a very accurate result. The stability will help with field measurements and the

homogeneity will help in determining the average field.

Techniques developed for the Brookhaven g -2 experiment will t)e applied to

our experiment to provide us with a good knowledge of the field. For example,

we will use many NMR probes simultaneously to monitor tile field instead of only

one as previously used. Obtaining the absolute callibration will als<) be d<>ne with



D

34

common techniques.

A unique problem for the muonium experiment is minimizing the Iln('ertainty

arising from the fact that the muonium is formed over a finite volume. The average

field over this region, weighted correctly with numerous factors including RF power

and analyzing power, must be precisely known. The more uniform the field, the less

error. The field nonuniformity may be reduced by almost an order of magnitude

if the size of the stopping distribution is decreased to a 10 cm cylinder instea(l of

the 20 cm cylinder used in the previous experiment. With great care, it may be

possible to design a beam with this small a stopping distribution without too great

a sacrifice in rate. Presently, this is the crux of our design work. We also need an

extended beam line that will allow us to piace the magnet out of the way of other

SMC users.
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