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INTRODUCTION

Polarization phenomena have played an increasingly Important part In

the study of nuclei and nucleons in recent years. Polarization studies have

been hampered by the relatively few and rather fragile polarized targets which

are presently available. The concept of polarized gas targets in storage

rings opens a much wider range of possibilities than is available in the

external target geometry. This novel method will represent a considerable

advance in nuclear physics and will continue to receive much attention in

plans for future facilities. An internal, polarized-target station is being

planned for the cooler ring at the Indiana University Cyclotron Facility.

Internal targets are compatible with recent designs of electron accelerators

proposed by the Massachusetts Institute of Technology and the Southeastern

Universities Research Association. The key to nuclear-science programs based

on internal targets pivots on recent developments in polarized atomic beam

methods, which include the more recent laser-driven polarized targets.

The Workshop drew together a unique group of physicists in the

fields of high-energy, nuclear and atomic physics. The meeting was organized

in a manner that stimulated discussion among the 58 participants and focused

on developments in polarized target technology and the underlying atomic

physics. An impressive array of future possibilities for polarized targets as

well as current developments in polarized target technology were discussed at

the Workshop.

The success of the Workshop resulted from the enthusiasm and

cooperation of the participants. We would like to thank each participant for

his contributions. Also, we would like to thank Miriam Holden and her staff

at the Argonne Conference Service for their arrangements for the meeting. We

thank Joyce Wakeling for her assistance with the Workshop mailings and

preparation of the papers for publication as an Argonne report. Finally, we

thank D. S. Gemmell for his encouragement, support and participation in the

Workshop. We wish to acknowledge the Argonne Physics Division for the

financial support of the Workshop.

Roy J. Holt
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THE INDIANA COOLER: A RING FOR INTERNAL TARGET EXPERIMENTS"

Robert E. Pollock
Department of Physics

Indiana University
Bloomington, IN 47405

1. INTRODUCTION

A few years of operating experience with the 200 MeV cyclotron at the

Indiana University Cyclotron Facility (IUCF) has shown that a rich field of

nuclear phenomena is accessible to light ion beams in the 50 to 200 MeV/amu

energy range. It has also been clear that the quality of the IUCF beam has

been central to much of the success of the research program. Experimenters

have been quick to exploit the time structure, the energy resolution, the

small emittance and freedom from halo of the IUCF external beams. Nevertheless

the beam quality remains a limiting factor to further progress in a sizeable

fraction of the research program, and even better beam properties will be

needed for the ever more demanding experiments being planned for the future.

The IUCF Cooler project, under construction since 1983 and scheduled for

first experimental use in 1987, is a light ion storage ring equipped for

electron cooling and synchrotron acceleration. The Cooler ring contains three

straight sections tailored to the needs of internal target experiments. The

motivation for the Cooler project is to exploit, for greater experimental

precision, the beam quality improvement which is obtained by immersion of the

stored ion beam in a cold electron bath. After a few seconds to approach a

thermal equilibrium, the cooled ion beam can have much better emittance and

energy resolution than the raw cyclotron beam.

The time constant for cooling is long enough to impose a batch mode of

Cooler operation. The ring is filled by the cyclotron beam, the beam energy

may be changed, the beam is cooled, a period of data-taking ensues, and then

the cycle is repeated. Between fillings, the cyclotron beam is available for.

other uncooled experiments. For good duty factor, the data-taking period must

exceed the cooling time, so a natural cycle period of about 10 seconds or

longer is established. The average beam throughput of the process is rather

low, given by the ratio of number of particles stored to the cycle time,

* This work was supported by the U.S. National Science Foundation under grants

NSF PHY 81-14339 and 82-11347.



and is of the order of a few nanoamperes. For this reason, data rates for

external experiments with the cooled beam are rather unattractive.

At intermediate energies it is possible to arrange the storage

configuration such that the loss of beam in passing through an internal target

occurs primarily by nuclear interactions, rather than the electronic processes

which normally limit the thickness of an external target. With a small enough

loss cross section, the efficiency with which the stored, cooled beam is used

becomes high enough that the experimental luminosity (defined as the event

rate per unit cross section) is much higher than it would be if the cooled

beam were to be extracted. The luminosity can be high enough to be

competitive with conventional, uncooled external target experiments*

The internal target must be very thin so the heating of the beam by the

target can be balanced by the electron cooling, giving an approximate thermal

equilibrium during the data-taking phase of the experiment cycle. The

circulating current of the stored beam however can be quite large so that the

product of target thickness and beam current which gives the luminosity is in

a useful range. Roughly speaking, the (hundred nanoamp) * (ten milligram/cm2)

luminosity product familiar to the user of the IUCF uncooled external beam is

replaced by a (hundred nanogram/cm2) * (ten milliamp) product when using

cooled beam for an internal target experiment.

The advantage to the user of the Cooler beam lies in obtaining a similar

counting rate while using a much thinner target and a beam of better einittance

and energy spread.

In this contribution, we will point out some limiting phenomena which

determine the performance boundaries for cooled beam, internal target

experiments. The parameters of the electron beam determine the maximum target

thickness. Loss mechanisms set a low energy limit for a given ion beam, for the

internal target technique. An example of the performance for a polarized beam

and polarized target is worked out. A brief status report on the progress of

the IUCF Cooler project is given.

2. ELECTRON BEAM CHARACTERISTICS

A prescription for a well-designed electron cooling region includes at

least the following considerations:

1. The effective length of the region in which the electron beam overlaps

the stored ion beam is an appreciable fraction of the ring circumference.

Vclues from about 1% to 5% have been achieved. The IUCF Cooler has about 3m of



electron immersion on a total circumference of 86.82 m.

2. The transverse temperature of the electron bean* can be comparable to the

emitting cathode temperature, of order 0.1 eV. The electron gun design should

introduce no coherent oscillations by sudden changes in strength of

accelerating field along the electron beam path.

3. The emitting surface of the cathode should be hot enough that the flow is

space-charge limited. This reduces variation of the current density across the

electron beam arising from cathode nonuniformity. The gun perveance then

establishes a strong dependence of the electron beam current on the electron

energy at low energies. Beam power limits may set the maximum current.

4. The electron beam is confined by a strong axial magnetic field produced

for example by a long solenoid. The electron beam follows the field lines so

that it is important not to induce deviation from straight line flow by field

imperfections. The electron beam executes uniform rotation in the magnetic

field owing to the radial space charge electric field. The azimuthal velocity

arising from the rotation is small if the confining magnetic field intensity

is high enough. A confining field of order 1 kG is typically employed.

5. The electrons are decelerated after passing through the cooling region to

recover as much of the beam power as possible. A few percent is lost because

the electron collector has a perveance-like limit that requires the collection

to take place at a cathode-collector potential difference of a few kV. The

collector must have a very high current collection efficiency to prevent a

counterflow which can induce a beam-beam instability. The electron region must

have a good vacuum and provision for clearing ions produced in the residual

gas to give a time-independent space charge neutralization. Neutralizing ions

fill in the space charge potential depression in the middle of the electron

beam, and thus can change the cooled beam energy.

6. The electron beam must be larger than the ion beam. There is a strong

nonlinearity in the radial electric field at the surface of the electron beam

whose focussing effects can drive a betatron instability of an ion

encountering the electron beam surface.

7. The dispersion of the ring lattice at the electron beam location should be

small enough that the dispersed beam matches the parabolic potential of the

electrons at a single point within the acceptance range. A second crossing

gives an "anti-cooling" unstable region. Small dispersion also reduces the

minimum diameter of the electron beam and therefore the beam power.



3. A REVIEW OF RELEVANT PROPERTIES OF THE ELECTRON DAMPING FORCE

Once a well-defined cold electron beam has been established in the path

of the stored ion beam, it is possible to summarize the main effect of the

drag force which acts on the ion beam in terms of a transverse cooling rate

determined by the nearly linear dependence of the transverse drag force on the

relative transverse velocity (of ion to average electron) and a longitudinal

cooling force which is quite non-linear with respect to the relative

longitudinal velocity* By integrating over the electron beam length, the

longitudinal force is conveniently expressed in terms of an energy change per

revolution. For example, in operation of the IUCF Cooler with protons at 150

Me,/, it is convenient to remember a transverse cooling time of about one

second and a longitudinal force integral of about one eV/turn. These values

are moderately energy dependent.

The longitudinal force is non-linear even for low relative velocities,

because of the flattening of the electron velocity distribution into a thin

disc, which occurs during the electron acceleration. The effective thickness

of the disc is set primarily by ripple on the high voltage power supply for

the electron gun, so that the linear part of the force-velocity curve covers a

velocity range equivalent to about 1 keV of proton energy spread. The force

reaches a maximum at this relative velocity, falls off slowly until the

relative velocity is of order 0.1% and then approaches the 1/v2 behavior which

governs the regime of large relative velocity and is familiar as the usual

dE/dx = 1/E stopping power relation. The change in behavior near 0.1% is due

to the transverse dimension of the disc-like velocity distribution, given by

the square root of the ratio of electron temperature to electron energy for

non-relativistic beams.

The time constant for longitudinal cooling cannot easily be extracted

from the non-linear force-velocity relation. To study this point, a

one-dimensional Monte Carlo calculation has been carried out in which an

initial velocity distribution which is a Gaussian of width equal to the

measured spread of the cyclotron beam is subjected to a realistic calculated

cooling force. About 103 stored particles are followed for up to 10 seconds.

The distribution develops a sharply peaked component with a velocity equal to

the electron velocity and with a width of order 1 keV. The number of particles



in the initial Gaussian component declines exponentially with a time constant

of about 0.1 s. The program also permits a realistic heating force to be

introduced, originating from the Coulomb scattering of electrons bound to

nuclei in a target of variable thickness. The combined effect of target

heating and electron longitudinal cooling leads to an equilibrium distribution

which has the following properties:

1. a sharp high energy peak at the electron velocity of width comparable to

the effective linear part of the longitudinal electron force curve after

ripple averaging. Unlike the familiar one-pass behavior in which the target

thickness determines the beam energy spread, here the width of the sharp peak

is not sensitive to the target thickness, and remains about 1 keV;

2. a tail on the low energy side of shape roughly 1/E, extending to energies

two to threr times the "delta ray" knock-on electron energy. The tail area

increases, and the sharp peak area decreases, approximately linearly with

target thickness. When the target thickness is increased to the point that the

sharp peak area is reduced to zero, the beam velocity decouples from the

electron velocity and a "thermal runaway" occurs, with the electron bath being

no longer able to make up the average energy removed from the beam by target

electron interactions; and

3. a stored beam current which decreases with time at a rate which is a

non-linear function of the target thickness. The code deletes particles which

lose enough energy to lie outside a fixed momentum acceptance of about 0.32.

The loss rate is sensitive to the magnitude of the cooling force at a relative

velocity equal to the change in beam particle velocity induced by a single

electron knock-on. The lost energy following one knock-on event must be made

up by the cooling energy gain per turn minus the average energy loss per turn

in the target before a second knock-on event occurs. The cooling force at this

relative velocity is smaller by a factor of about four than the maximum

longitudinal force, and is identified as the important quantity in setting the

maximum target thickness. For the IUCF Cooler, with 200 MeV protons, a target

thickness of order 100 ng/cm2, averaged over a cooling time constant is the

maximum permitted. The maximum thickness for hydrogen is about half as much

because of the higher stopping power for this target material.

A more detailed description of these calculations will be reported

elsewhere.



4. FACTORS DETERMINING LUMINOSITY

In the preceding section we identify a maximum target thickness based on

the strength of the longitudinal cooling force at a particular relative

velocity. Targets thicker than this limit, which corresponds to an energy loss

rate of a fraction of an eV/turn, will cause beam loss which is rapid compared

to the time for the experiment. An estimated second limit based on the

transverse Coulomb heating by target nuclear scattering shows that over most

of the target mass range the longitudinal limit is the more severe and

therefore controls the choice of target thickness.

There are two limits to the internal target luminosity which must be

considered. We refer to these as a refill limit and a target thickness limit.

Consider a beam consisting of N particles, stored in a ring with revolution

frequency f and passing through a target of thickness X atoms/cm2. The

luminosity L » N»f »X cns^s-1 is clearly limited by the product of the maximum

number of stored particles and the maximum target thickness as given above.

The luminosity L may be used to calculate the event rate R for a given process

liTora the cross section a by the relation R =» L»a. For the particular process

in which the event of interest is a loss of a particle from the circulating

beam, the relevant cross section a-^ is the total loss cross section for all

loss processes in the target. In this case R = -dN/dt =» L#CTL . For a

continuing experiment, the loss rate cannot exceed the rate at which fresh

particles are being introduced into the ring, and this in turn is limited by

the maximum number N which can be stored and by the cycle time i (time between

refills). Thus we may also write a second limit L * N / ( T » O L ) . The two limits

are not completely independent in that each depends directly on the number of

particles in the ring, and also because the maximum target thickness can be

related to the longitudinal cooling force while the cycle time can depend on

the transverse cooling time constant. Nevertheless it is instructive to see

that the loss cross section must be kept small enough that the refill limit is

not the determining factor. This leads directly to an important inequality:

<jL < (f'-r-X)"
1.

Under what conditions can this inequality be satisfied? For a revolution

frequency in the ring of order 1 MHz, a cycle time of. order 10 s, and a

maximum energy loss rate in the target of about 0.1 eV/turn, corresponding to

an electron density of about 1016 cm~2> a i o s g c r o 8s section no bigger than

about 10 barns per electron in the target atom, is required.



Loss mechanisms which have to be considered in the luminosity calculation

include electron pickup (or loss in the case of a non-fully-stripped ion), the

small angle out-scatter by nuclear Coulomb collisions, and the loss by knock-

on electron collisions. Electron loss cross sections are so large that the

above inequality is easily satisfied only for fully-stripped beams. The pickup

cross sections for a fully-stripped beam of charge Z\ and specific energy E/A

Incident on a target of charge Z2 follow an empirical relation1 proportional

approximately to Zi**Z2V(E/A)5. The energy dependence is so rapid that the use

of internal targets in stored beams has a low energy cutoff below which the

luminosity falls very rapidly to a value low enough to be uninteresting for

nuclear reaction studies. This low energy cutoff due to electron pickup in the

internal target lies at a few MeV for protons and is much higher for heavy

ion beams, for example about 60 MeV/amu for Sulfur on Sulfur. For this reason,

heavy ion cooling rings are useful only at intermediate energies. The internal

target luminosity above the pickup limit for heavy ions can actually be higher

than for external targets because of the high efficiency of beam use.

The Coulomb out-scatter loss is significant at energies above the pickup

cutoff. An important parameter for this loss mechanism is the acceptance angle

of the ring lattice downstream of the target position. A small value of

the aperture function p (small beam size) at the target reduces this loss.

With one important exception, the electron knock-on loss is small enough

to be neglected if the ring momentum acceptance exceeds the knock-on momentum

transfer. If the ring is designed to give a large resolving power, eg. at the

position of a target for a spectrograph experiment, the quantity Ti//p, where r)

is the ring dispersion, will be large. A knock-on electron collision in the

target then causes a betatron oscillation with amplitude which can exceed the

transverse acceptance of the ring, constituting a major beam loss mechanism.

The rule to follow in ring design is to avoid large dispersion at the target

unless it is necessary. In the IUCF Cooler as presently configured, one of the

open straight sections reserved for general experimental use has r\x\ m,

$x:m0*35mt Ax
m25n mm mrad, so that a single electron knock-on event with more

than Ap/p * /(PXAX/TOA) * 0.075% will lead to a beam particle loss. The loss

cross section is about 1 barn per target electron at 300 MeV, exceeding the

total nuclear cross section for hydrogen, and arguing against the use

of this target region for polarized hydrogen target experiments. Other

factors enter, however, as shown in the example below.



We have shown that the highest luminosity is achieved if the loss

processes have small enough cross sections that the_4:<h£ckest t,arget allowed by

the cooling force can be used. This is equivalent to a statement that the

efficiency of beam usage with Internal targets be high enough to make up for

the low throughput of the cooling process. The maximum number of particles N

which can be stored in the ring enters the luminosity calculation as a direct

multiplicative factor provided only that enough beam current is available from

the injection accelerator that refilling time is short compared to the

complete experiment cycle.

The ratio of stored current after filling to the injection current is

often referred to as the "stacking factor". Liouvillian constraints which

conserve beam brightness (number of particles per unit volume in phase space)

limit the stacking factor to a fairly low value, of order 103, given

roughly by the ratio of six-dimensional ring acceptance to beam emittance. An

accelerator with good beam quality helps in principle. Often a more important

consideration is that an accelerator with a high peak current and low duty

factor can fill a ring more rapidly because the important quantity in stacking

is the injection current averaged over one ring period. A high peak current

means that a small stacking factor can still lead to a large value for N. The

extreme case is a peak current such that one turn injection is sufficient to

reach the stability limit for N.

By employing methods which circumvent the constant brightness constraint,

such as stripping injection or cooling while filling, it,is,possible to

increase the stacking factor and overcc ae the limitation of low peak current

injection. Stripping gives stacking factors larger according to the number of

times the beam can pass through the stripping material before the beam quality

deteriorates appreciably. At IUCF energies, an H~ beam can be stacked by a

factor of order i>104. Cooled stacking, which may reach limits of 105 or more,

is addressed in the example below.

A complete treatment of all the factors which set an upper bound to N,

assuming that injection is not a limit, is beyond the scope of this paper.

At low energies the incoherent transverse tune shift2 and the longitudinal

coasting-beam microwave instability^, which are most serious for beams of good

emittance and small momentum spread respectively, may be expected to determine

the largest value for N for a given beam quality. A method of preventing the

beam from cooling too much stay be needed to obtain the highest luminosities.



5. LIMITS. T0 ENERGY RESOLUTION

Nuclear physicists have evolved fairly sophisticated methods for

obtaining high resolution in inelastic scattering and transfer reaction

experiments with magnetic spectrometers and external beams, using energy loss,

or dispersion-matching techniques to be able to achieve resolution

substantially better than the beam energy spread. Ray-tracing detection

techniques help reduce the effect of focussing aberrations. A geometrical

constraint1*, called the Rowland circle in optical spectroscopy, can similarly

eliminate the direct dependence on beam eraittance in scattering experiments.

One is left with resolution depending on target thickness, and on a resolving

power parameter given by the ratio of beam dispersion to beam size.

For a stored beam in a ring in which cooling can modify both the energy

spread and the emittance, the design of a target region for the best

resolution must be rethought. The emittance-independent parameter, which is

directly proportional to the resolving power, of the ring optics at a high

resolution target location, is the ratio of dispersion to the root of the

aperture function r|//p which appeared also in cur discussion of losses by

electron knock-on above. To increase this resolving power parameter requires

making the beam larger in the lattice dipoles, and increases the rate of

change of betatron tune with beam momentum, the so-called chromaticity. An

upper limit to resolving power appears to occur when chroraaticity correction

by families of hexapoles leads to strong higher order instabilities. The IUCF

Cooler design of a year ago5 has had to be relaxed by reducing the ratio of

aperture function in the dipoles to aperture function at the targets by an

order of magnitude. In practice, the implication for experiments is that the

beam must be cooled in eraittance by another factor of three to reach a given

resolution with this more relaxed tune. For inelastic proton scattering at 200

MeV, a new spectrometer under construction should allow us to obtain spectra

with 20 keV resolution with an external beam of emittance ln*10~6 meters. The

Cooler beam will have to be cooled to O.lu to compete in resolution.

If the beam retains a narrow spike in the momentum distribution, as is

indicated by our Monte Carlo simulations, it may not be necessary to use

dispersion-matching for high resolution scattering experiments. The resolution

may be limited by factors such as thermal motion of the target nucleons which

can reach several keV for low A solid targets heated appreciably by the beam.

Heating power is directly proportional to the luminosity.



10

6. LUMINOSITY IN A POLARIZED BEAM-POLARIZED TARGET EXPERIMENT

In the following, we work out an example of a Cooler experiment in which

a p-p reaction is to be studied at a lab kinetic energy of 300 MeV, just above

the pion threshold. Some of the Cooler operating parameters relevant to

experiment planning are identified. The conclusion is that a luminosity of

order 1030 cm~2s~1 Is conceivable.

1. Polarized Hydrogen Target. We assume an atomic beam apparatus yielding a

polarized atomic beam of intensity 5 piuA. The beam enters a storage vessel

which is assumed to be a sphere of radius 10 cm. The walls are cooled to 5 K

and are coated with a material which inhibits depolarization during the 1500

or so collisions which occur in a 0.75 s storage time. The ion beam enters and

leaves the target cell through two hollow tubes of elliptical section which

are sized to clear the stored beam completely. The conductance of each

penetration is of order 1 1/s. The density in the cell is about 1013 cm-3 and

the target thickness seen by the beam is assumed to be 2.2 1014 atoms/cm2 per

turn. The cell wall has thin exit windows for charged reaction products.

2. Polarized Cyclotron Beam. The IUCF cyclotron has delivered average

polarized beam currents as high as 0.6 pA, or 105 protons in each 30 MHz rf

microburst. We assume this intensity will be available during Cooler filling

operations. The luminosity turns out to be dependent on this value, so planned

ion source upgrading may increase the performance. The beam has a momentum

spread of about ±0.03% and a time spread of about ±0.15 ns so the longitudinal

phase space area of each microburst is about 25 keV-ns at 100 MeV.

The ring filling is planned to be parasitic on a second experiment

sharing the cyclotron beam, in the sense that the second user chooses the

energy of the polarized beam. The Cooler adjusts the energy of the stored beam

after ring-filling is completed and before data-taking commences. The energy

change takes about 2-3 s. For definiteness, we assume that the ring is filled

at 100 MeV and the energy is changed to 300 MeV for a pion experiment.

3. Manipulations to Prepare a Single Turn for Stacking. The ring is initially

empty, any beam remaining at the end of the previous data-taking cycle having

been ejected. A pair of injection kickers which are located upstream and

downstream respectively of the injection septum magnet6 by one-quarter of a

betatron wavelength are energized to divert the (empty) equilibrium orbit to

the high energy side of the septum while one microburst is deposited on the

equilibrium orbit. The kicker pulses rise and fall in a time less than the



75 ns burst spacing, so beam is not lost oa the septum. The kicker pulse is

repeated for 9 cyclotron turns (1.3 μs), and one micropulse is placed on the

equilibrium orbit on each turn, leaving a single group of 9»10
5
 protons on the

equilibrium orbit. The other user sees a small drop in intensity as pulses are

split off from the main beam by a subharmonic rf kicker and diverted down the

Cooler injection line on a pulse-by-pulse basis.

The ring momentum acceptance is ±0.20% and the injection field is chosen

so this single turn is centered at a momentum of +0.10%. An h • 9 rf cavity,

with a frequency of 13.4 MHz and an amplitude of about 1 kV is turned on to

contain the nine bursts in nine buckets and to induce a debunching synchrotron

rotation of 90° which reduces the beam momentum spread by more than a factor

of ten. The rf is turned on and off slowly enough to allow beam in the stack

region beside the buckets to follow the rippling of the phase space

adiabatlcally. The rotation takes about 0.15 ms. The single turn of beam is

now ready for slow deceleration onto the side of the stack.

A low voltage rf cavity of the same frequency is turned on to contain the

beam in synchrotron buckets of area closely matched to the beam burst area.

About 30 Volts/turn is sufficient. The rf frequency is lowered and the beam

momentum is reduced by 0.1% in about 10 ms. of deceleration. The stacking

deceleration time determines the 100 Hz rate at which new single groups of 9

bursts can be introduced into the Cooler ring, and moved to the side so as not

to be lost on the septum when the kickers fire again.

The small area of the deceleration buckets is important, as it limits the

magnitude of the phase displacement acceleration in the stack region to a low

enough value to be overcome by the cooling force. As the full buckets

decelerate at a rate of about -20 MeV/s, conservation of phase space volume

demands that the region surrounding the buckets be displaced upwards,

accelerating in this example by about 1 MeV/s.

4. Cooling during Stacking. The electron cooling beam is present during the

ring-filling phase, and the electron velocity is matched to the velocity of

protons having slightly less than the ring central momentum (actually about

-0.05%). The electron drag force gives a transverse cooling rate of about 4 Hz

and a longitudinal cooling force, integrated along the length of the cooling

region, corresponding to an energy gain of about 1 eV/turn or 1.5 MeV/s. Note

that this exceeds the magnitude of the phase displacement acceleration, so

that the stack velocity will remain attached to the electron velocity as new



turns of beam are added. Monte Carlo simulations without rf show that the

cooling force leads to a sharp peak in the momentum distribution which

develops on a time-scale of order 0.1s. The stacked particles are assumed to

be dragged into this cold hand to make room for new particles as filling

continues. Cooling removes the constraint of constant phase space density so

stacking can continue until some other limit is reached, as discussed below.

5. Space Charge Limit to Number of Particles Stored. The incoherent space

charge tune shift often is a major limit to beam current, especially at low

energies. At this limit, the Coulomb repulsion of the beam particles exerts a

defocussing force on the particles on the beam surface so that their betatron

frequency differs from the low current value. If the betatron tune (ratio of

betatron frequency to orbit frequency) is changed enough, some of the

particles will become unstable by encountering a resonance, and will be lost.

The 1UCF Cooler tune is Qx=4.15, Qy=5.15 and a shift of about 0.11 of the tune

in either transverse plane would be enough to place the surface particles into

either the 8/2 or 10/2 stopband. A beam of larger emittance has lower charge

density so the tune shift limit is reached for a larger number of particles

stored. For example it would be possible to store 1010 particles at 100 MeV in

the Cooler only if the emittance were kept above 0.1n»10~6m.

The transverse cooling by the electron beam will shrink the beam

emittance to a thermal equilibrium limit, determined by the electron

temperature, of below O.Olrc. By placing material in the beam path, for example

by increasing the ring pressure, the small angle scattering by the nuclei in

this material will heat the beam and raise the emittance. The polarized target

is not thick enough and the atomic number is too low to be effective for this

purpose. The residual gas in the ring at the design vacuum of 10~7/Z2 Torr,

where Z is the gas atomic number, would give an emittance scarcely larger than

the thermal limit (this being the criterion for the vacuum design). By

increasing the gas pressure by a factor of 10, the desired emittance can be

established. The reason for the choice of O.lti becomes clear in the next

section.

6. Symbiotic Targetry. The heating material can equally be well be localized

in one of the target regions away from the polarized target, rather than

distributed around the ring. For example a heavy metal vapor such as Pb or Hg

with a thickness of 5«1012 nuclei/cm2 at the S waist (parameters as given for

the G waist above) can give the same degree of target heating. With this



second target in placet it is possible to perform nuclear scattering or

reaction experiments with about 2% of the primary luminosity, or to use the

flux of neutral hydrogen atoms generated by electron pickup in the high Z

vapor to serve as a beam intensity monitor. The secondary target aids the

primary experiment by allowing more beam to be stored. The primary target aids

the secondary, by adding a stabilizing tail to the distribution. Symbiosis!

7. Lifetime Considerations. With the design vacuum and no targets, the

100 MeV cooled beam will be lost primarily by single scattering with a

lifetime of about 15 minutes. At 300 MeV, the lifetime increases to about 75

min. The total loss cross section of the hydrogen in the polarized target is

about 3 barns per electron, the main loss mechanism being electron knock-on

with dispersion inducing a betatron oscillation amplitude lying outside the

ring horizontal acceptance of 25u»10~6 m. The energy dependence of this loss

mechanism is similar to that of Coulomb out-scatter. This means that the

assumed target thickness will reduce the beam lifetime by a factor of two at

both the injection and the data-taking energy. Of course, the atomic beam

could be gated off for the filling phase.

The more serious loss mechanism is the out-scatter and/or

dispersion-coupled electron knock-on taking place in the material introduced

as described above in order to prevent the beam from overcooling. The lifetime

reduces as the emittance increases since both are caused by Coulomb

scattering. For the emittance of O.ln, the lifetime is reduced to about 100s

and the maximum number of particles which can enter the ring, in 101* stacking

repetitions of 9»105 each, is = 1010. Now we see that there is a tradeoff

necessary to maximize the luminosity. The ring could fill to a higher level if

the lifetime were increased, except that the space charge limit would be

lowered. We reach the maximum stored beam intensity with a beam lifetime

reduced to about 2 minutes by placing extra material in the beam path to

increase the emittance and thus raise the limit on the amount of beam stored.

8. Best Cycle Time. The average luminosity in a complete cycle, in which the

ring is filled, starting from zero, in time t̂  with an assumed exponential

decay time constant i\t and then run at a different energy for a time t% with

a second decay time constant %2> c a n be maximized by adjusting both t̂  and t£

for the largest average number of particles stored during the data phase. The

result shows for the case %z/ii . 5f corresponding to filling at 100 MeV and

doing an experiment at 300 MeV, that it is best to fill for ti = 2.0«xi and to



take the experimental data for t2 = 0.6»X2 » 8ivin8 in this example an optimum

complete cycle time of about 10 minutes, and a macroscopic duty factor of 60%.

9. Other Limits. It is necessary to worry about the microwave coasting-beam

instability which is caused by the waveguide-like nature of the vacuum chamber

being filled with high frequency electromagnetic fields that are Induced by ,

the beam and which can act back on the beam to increase the energy spread and ,

to add high frequency time structure. A momentum spread in the beam acts to (-

stabilize this mechanism by reducing the coherence time for field buildup. The .

amount of beam which can be stored is proportional to the square of the I

momentum spread, and for our example about 0.01% momentum spread would -I

suppress this instability. Fortunately the electrons in the target generate a

low energy tail on the beam distribution which may be of sufficient area7 to ]

stabilize the bright peak. Experimental verification is needed. I

Intrabeam scattering in which the beam particles scatter from one another I

proceeds at a rate proportional to the six-dimensional brightness of the beam \

and acts to convert the emittance tails into a momentum tail. This may also ;

serve as a stabilizing influence. j

11. Luminosity. The product of 2.2»101't target nuclei/cm2 and a beam j

averaging 5»109 particles circulating at a frequency of 2.25 MHz gives a 'i

luminosity which is simply the product of these three factors or 2»1O30 /cm2s. »

To obtain this same luminosity with an external beam would rsquire more than

1.5 mA at 300 MeV, a polarized beam which is not currently available. The

average amount of beam being drawn from the cyclotron to keep the ring full is

108 s _ 1 times 40% filling duty factor, or about 7 picoamps.

12. Conclusion. This example shows that the outlook for fairly high

luminosity measurements with an ultrathin polarized target is promising,

provided that a target cell of the type described can be developed, that the

cooled stacking method can be made to work, and that a beam of order 10 1 0

particles can be stably accumulated. A luminosity of 1O30 cm~2s-1 seems to be

a feasible goal for a polarized target/polarized beam experiment. '

7. IUCF COOLER STATUS: MAY 1,984

The IUCF Cooler was first proposed as part of a major upgrading of IUCF

in December 1980, and received construction authorization in April 1983. The

construction of a building addition of floor area approximately 30 by 50 m was

begun in October 1983. At the present time much of the concrete pouring of the



load-bearing walls which support movable shielding roof beams has been

completed. The space in this addition is expected to be available before the

end of 1984 to begin installation of the Cooler ring.

The installation sequence is expected to take at least 20 months, and so

the first tests with beam will begin toward the end of 1986. At the present

time the project design staff are heavily involved in procurement of

long-lead-time components such as power supplies and magnetic elements.

In addition to hardware discussed in the above sections, there are

radiofrequency cavities to collect the beam into a single bunch, and to hold

the tight time structure of the incident beam bursts while higher intensity

microbursts are accumulated by stripping into a low energy storage ring8. This

method cannot be used for polarized proton beams, however. A Faraday induction

spiral can add a DC acceleration of 0.35 Weber, to assist in the stacking

procedure.

Provision has been made in the injection section for beam extraction into

a target area. This feature will most likely be used with uncooled debunched

beams, for diagnostic study of the cooled beam, and for ejecting unused beam

at the end of a run cycle.

Prospective users of the IUCF Cooler may find more detailed information

on the properties of the Cooler which pertain to experiment planning by

writing to H.-O. Meyer to obtain a copy of the Cooler User Guide. The IUCF

Program Advisory Committee will be asked to assess the first round of Cooler

experiment proposals in the December 1984 meeting. We hope to be delivering

Cooler beam for experiments in the first half of 1987.
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1. INTRODUCTION

With the advent of electron stretcher or storage rings, as discussed by

S. Kowalski and R. Holt at this workshop, electron scattering from polarized

targets becomes a general new tool for nuclear structure studies. Without

such facilities it is necessary to have very dense polarized targets for use

with the typical (5 50 MA) electron beams available and vory few measurements

of this type have been attempted. On the other hand, with electron rings the

effective circulating current can be greatly increased (for example, by about

1000 for the present Bates proposal, as discussed by S. Kowalski). In this

case much thinner internal targets may be used while still maintaining the

same luminosity as in external beam experiments.

In anticipation of such new experimental capabilities we have re-developed

the theoretical, basis for discussion" of electron scattering from polarized
1 2 3

targets using either unpolarized or polarized electron beams. ' ' This work

has been done in collaboration with A. S. Raskin at M.I.T. It takes the

formalism ' ' of unpolarized (e,e') and extends it in a straightforward way

to include general polarizations of electrons, target nuclei, recoil nuclei

or any combinations of these polarizations. In the present context it is only

possible to provide a brief summary of the general form of the cross section

and to present a few illustrative examples of the nuclear structure information

that may be extracted from such polarization measurements. A detailed treat-
3

ment of the subject will be forthcoming in the near future.

2. GENERAL FORM OF THE CROSS SECTION

In the present discussion let us consider only longitudinally polarized

electron beams; hence the incident electron will be assumed to have helicity

h=±l. Corrections to this which arise when the electrons may have transverse

Work supported through funds provided by the U.S. Department of Energy (DOE)
under contract DE-AC02-76ERO3069.
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polarizations as well are of order y , where y=e/m and e is the electron j

energy. These may normally be neglected for the intermediate to high energies

of interest in nuclear physics studies (say, e>50 MeV, so that y~ <0.01). We

assume that the incident electron with energy e and three-momentum k scatters

through an angle 8 to a final state with e , and k, (see Fig. 1). We discuss

the electromagnetic interaction with the nuclear system in the one-photon-

exchange approximation in which one virtual photon is exchanged. The energy

transfer is a)=e-e'; the three-momentum transfer is q=k~k'. The target, initial-

ly in state |i>, absorbs the virtual photon and undergoes a transition to state

I f>. This may be an inelastic nuclear transition or may be elastic scattering

where |i> and |f> possibly differ in their states of polarization.
1 2 3

The electron scattering cross section may then be written * '

(~K = 2 + hA , (1)
dii fi ii ti

where E... is the electron-spin-averaged cross section

and h is the electron polarization cross section

lr.dcK+1
Afi - 2 {Wfi

The former is obtained without using electron polarizations while the latter

can only be measured using the helicity variability of the incident electron

beam. By flipping the electron helicity it is then possible to separate Ef.

and A., from one another. These pieces of the cross section may in turn be

decomposed into six different response functions, each multiplied by a specific

electron kinematic factor:

— 1 1 T TT TT
£fi - Vrec {vLRfi + VTRfi + VTTRfi + VTLRfi}

— 1 T' TT '
Afi = V r e c {vTRfi + VTLRfi }"

Here a., is the Mott cross section

, acose/2 x
2
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f is the usual recoil correction
rot.

rec M
target

The six electron kinematic factors are given by

1

l , . 9e
VT = ~2n 2

v T L = -i-n/n + tan
2f (8)

/n + t ^ x tanvT, = /n + tan^- x tan -

v ' = n x tan -r ,
T L /2 2

where n = -q qU/q«q = 1 - (w/q) , (9)

'"and s a t i s f i e s the i n e q u a l i t i e s 0_<n l̂ > s ince w< |q | . Eqs. (4) and (5) c o n s t i t u t e

a s o r t of gene ra l i zed "super Rosenbluth" decomposit ion. The l a b e l s L and T

stand for longitudinal and transverse respectively. These refer to the direc-

tion of momentum transfer q (see Fig. 1): when the electromagnetic current

matrix elements for the nuclear transition are projected along q (that i s , in

the z-direction) then one speaks of longitudinal currents; when projected ortho-

gonal to q (that i s , in the xy-plane) one has transverse currents. The first

two terms in Eq.(4) have the form of the usual unpolarized electron scattering

Rosenbluth formula. The TT term in Eq.(4) involves a second purely transverse

(interference) contribution, whereas the TL term involves transverse-longitud-

inai interferences. Similarly in Eq.(5) there are s t i l l different trans-

verse and transverse-longitudinal interference contributions.

Let us now suppose that the nuclear states Ji> and jf> have good

angular momentum and parity quantum numbers and so are labelled J. 1 and J f *

respectively. Furthermore, let us specify the populations of magnetic substates

with probabilities p,.»(MT ) and p,,..(M. ) , referring to the states |i> and I f >.

In saying that the M or M populations are specified we must also state what
f i f

f axis of quantization is involved. We shall assume that these probabilities
refer to projections along the polarization axis in Fig. 1 which points in a
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general direction specified by the angles (6*,$*) as shown. In proceeding J

through the angular momentum analysis it proves to be more useful to employ

Fano tensors rather than the substate probabilities. For example, for

polarized targets we define

fd.(i) = I (-)Ji"Mji<J.MT J.-M. kO>p m ( M . ), (10)

Ji X \

where angular momentum conservation requires that 0<4;<2J.. For d=0 we always

obtain

f^ = 1/V/2JT+1 (11)

regardless of the state of polarization. For unpolarized targets where

P(i)<Mj.) = tt^+l)"1 we have

Unpolarized: f ^ = S.Q/^23±+l (12)

For situations where p...(M =+J.)=l, which we shall call 100% polarization,

we have

100% Polarization: f\' = (13)

When the target is aligned, that is, when p,.>(+M. ) = p>-.v(-MT ) , then it is

easy to show that all odd Fano tensors vanish:

Aligned: f ^ = 0 for <J=odd. (14)

In Table I the Fano tensors for J;=0, 1/2, 1 and 3/2 are written out explicitly

in terms of the substate probabilities.

When the target is polarized but the final state polarization is not

measured we shall use the notation 1,. and A^.. On the other hand, when the

target is unpolarized but the final state polarization is determined (perhaps

in a second scattering using some reaction as a polarimeter), we shall write

Z j and A..*. Situations where both i and f polarizations are known can also

be discussed although we shall not do so here. In fact we shall only consider

the polarized target case as the recoil polarization response functions are -v

simply related by /
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labl e I: Fano Tensors fy' (see Eq.lO) for J. <_

^VZ: f(D - I.

I, = 1: fA ' = —

1 Γ̂

rlD _

J
i =

 3
/
2:
 f j

1 }
 - 2"

r
2 " 2

P(I) - JL ^ ) 1+3/2) -
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2J-+1

hi (15)

where the plus sign occurs for K=L, T, TT and TL, and the minus sign for K=TL
and T , . Thus al l of the above analysis applies (up to a sign) whenever either
i n i t i a l o^ final nuclear polarizations are specified. If both are specified,
then the analysis is somehat more complicated. Perhaps the most obvious case
of interest of this last type would be a vector-polarized deuterium target
with the vector polarization of the recoiling deuterona in elast ic scattering
measured to determine information which presently can only be accessed with a
tensor-polarized target or measurement of a recoil tensor polarization (the
t2Q experiment).

I t may be shown that for the fi problem the nuclear response functions
may be expressed in the following Legendre decompositions:

t>L / TR^. = 4 IT i

even

even (16)
TT

,TL

= 4

even

= 4 TT
(/)pJ T^(

R2
even

(/)pJ(cos8*)cos<j>*WT^(q)fi

where only tensors of even rank occur in the terms which contribute to £*.,

and

!j = 4TF I f/ P*(cose*)WWq)..

odd

odd

(17)

where only odd-rank tensors contribute to A*.. In making these decompositions \
we have defined reduced response functions (the W's) which do not depend on ''
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polarization angles 6* and <}>*. The <J)*-dependence is especially simple:

RL, RT, RT' % 1

R , T1L * cos <j>* (18)
TT

R -v cos 20*

Thus far we may presume that I and A are separated using the electron helicity
L T TT TL T'

dependence. Fur thermore, v. R +v,,,R , R and R ( a l l con ta ined i n E) and R
TL'and R (con t a ined i n A) may be s e p a r a t e l y determined us ing the e x p l i c i t <j>*-

L T

dependence. F i n a l l y , R and R may be s e p a r a t e d us ing the e l e c t r o n s c a t t e r i n g

angle dependence, t h a t i s , by making a f a m i l i a r Rosenbluth d e t e r m i n a t i o n .

Presuming that the six basic response functions have been separated from one.

another we may now make use of the remaining 6*-dependence in the six individual

Legendre expansions in Eqs. (16) and (17) to determine the complete sets of

reduced response functions.

The W's contain the nuclear structure information in the form of

bilinear products of the Coulomb and transverse electric and magnetic multipole

matrix elements for the transition i+f:

FEJ(q) = <Jf\\f
e
j
1(q)\\j±>/72Jn (19)

FMJ(q) 5

The CJ, j=0 ,1 ,2 , . . . and EJ, J = l , 2 , . . . multipoles have natural parity (ir=(-) ) ,

whereas the MJ, J = l , 2 , . . . multipoles have non-natural parity (TT=(-) ) . In

the case of elast ic scattering parity and time-reversal conservation permit

only even-J Coulomb and odd-J magnetic multipoles to be non-zero. The longi-

tudinal (L) response functions contain only Coulomb multipoles, including

interference terms CJ/CJ,; the T, TT and T, pieces contain only transverse

multipoles with EJ/EJ ,, MJ/MJ, and EJ/MJ' interferences in general; the TL

and TL1 pieces contain Coulomb-transverse interferences CJ/EJ, and CJ/MJ,.

In the explicit expressions for the response functions (to be given in detail

in refi 3) the angular momentum conservation is always contained in a specific

6-j symbol. For example,
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(20)

Thus, in addition to the condition 0<4<2J., we also have the vector addition

requirements, A(JJ'<L), A(J.J~J) and A(J.J,J'). It is then straightforward

to enumerate the various multipole matrix elements which occur once J. 1 and

J^ f are specified and to compare with the number of independent reduced res-

ponse functions which are in principle experimentally accessible. Tables II. A

and II.B list the results for the first few angular momenta 0, 1/2, 1, 3/2,

etc.... For instance, consider the case J. *• = 3/2 and J- = 5/2 where

Cl/El, M2, C3/E3 and MA multipoles can occur. Since J = 3/2 we may have

^=0 and 2 in 2 and 4=1 and 3 in A*.. Thus the possible reduced response

functions are W n, Wo, W_, Wo, W,, , W^
L (for six terms ii. £».) and W- , W_ ,

TL' TL'
W^ , W_ (for four terms in A^.). Returning to Eq.(20) for a moment, we

see that W has only terms with J'=J; in fact it is proportional to the

unpolarized longitudinal cross section and contains only the combination
2 2 L
Ffl + F__. W 2, on the other hand, may have JVJ SO that a cross term of

the form Fr.F , may occur. Similar interference effects are seen in the

other reduced response functions.

In examining Table II.A note that there is always more information

experimentally accessible in Z,. (that is, there are more independently

accessible reduced response functions) than there are multipoles to determine

except whei; J^=l/2. In this case it is necessary to use the additional

information in A*, to separate all multipoles from one another.

Before returning to specific examples of these ideas let us rewrite the

five combinations of response functions which may be separated using the h and

4>* dependencies in the cross section in terms of the following tensor

polarizations:

i . Q /^\ L f 2 fi
s A ~ even: RA(<1»6)». = i A. (vLW<j(q)^^v^^q) *i>/F (q,6)
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Table 11. A:

1

o; * o*
0" •* 0
0" •• 1 -

o ; * z%
0* - 2

1/2* * 1/2*
1/2; - 1/s;
1/2; - 3/2"
1/2; - 3/2;
1/2; * 5/2*
1/2- - 6/2*

*

i* V
1* * 0*

I 1 * 1 *
i ; * 2 *
l ; - 2 *
1= * 3 *
1- - 3*

3/2; - 1/2;
3/2; - 1/2;
3/2; - 3/2"
3/2; - 3/2;
3/2; - 5/2"
3/2; * 5/2*
3/2; - 7/2-
3/2" - 7/2*

2 * * 0 *
2; - •o*
2= - 1 *
2 1 - 1 *
2; - 2 !
2; - 2 ;
2; - 31

21 * 3*

5/2; - 1/2=
5/2; * 1/2;
S/2; * 3/2=
5/2; - 3/2*
5/2; - 5/2*
5/2; -. S/2*
5/2; -4 7/2=
5/2" - 7/2*

Number of terms contributing

Multipoles Permitted*

CO
.

Ml
Cl/El
C2/E2

M2

CO,Ml
Cl/El

Ml ,C2/E2
Cl/El ,M2
C2/E2.M3
H2.C3/E3

Ml
Cl/El

C0.M1.C2/E2
Cl/El,M2

M1.C2/E2.M3
C1/E1.M2.C3/E3
C2/E2.M3.C4/E4

M2.C3/E3.M4

Ml.C2/E2
Cl/El,M2

CO,H1,C2/E2,M3
Cl/El.M2.C3/E3

M1.C2/E2.M3.C4/E4
Cl/El.M2.C3/E3.M4
C2/E2.M3.C4/E4.M5
M2.C3/E3.M4.C5/E5

C2/E2
M2

M1.C2/E2.M3
Cl/El.M2.C3/E3

CO,M1,C2/E2.M3,C4/E4
Cl/El,M2,C3/E3,M4

M1,C2/E2,M3,C4/E4,M5
Cl/El,M2,C3/E3,M«,C5/E5

C2/E2.M3
M2.C3/E3

M1.C2/E2.M3.C4/E4
Cl/El,M2,C3/E3,M4

C0,Ml,C2/E2,M3,C4/E4,M5
Cl/El.M2.C3/E3.H4.C5/E5

M1,C2/E2,M3,C4/E4,M5,C6/E6
Cl/El,M2,C3/£3,M4.C5/E5,M6

t o * 1

Values of 4
which contribute

L

0

.
0
0
"

0
0
0
0
0
0

0~2
0,2
0,2
0,2
0,2
0.2
0.2

0,2
0,2
0,2
0,2
0.2
0,2
0,2
0.2

0.2,4
-

0.2,4
0,2,4
0,2,4
0,2,4
0.2,4
0,2,4

0,2,4
0.2.4
0,2,4
0.2,4
0,2.4
0.2,4
0,2,4
0,2,4

•

T

_
.
0
0
0
0

0
0
0
0
0
0

0.2
0,2
0,2
0.2
0.2
0.2
0.2
0,2

0,2
0,2
0,2
0.2
0.2
0.2
0.2
0.2

0.2,4
0,2,4
0,2,4
0,2,4
0,2,4
0,2,4
0,2,4
0.2,4

0,2.4
0,2,4
0,2,4
0,2,4
0,2,4
0,2,4
0,2,4
0,2.4

TT

-

~

-
-
-
-

:

2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

2,4
2,4
2.4
2.4
2.4
2.4
2.4
2.4

2.4

2,4
2.4
2.4
2,4
2.4
2.4

TL

-

-
-
-
-

2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

2,4
-

2,4
2,4
2.4
2.4
2.4
2.4

2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4

Number
of

Multipoles

1
0
1
2
2
1

2
2
3
3
3
3

1
2
4
3
4
5
5
4

3
3
5
5
6
e
6
6

2
1
4
5
7
6
7
8

3
3
6
6
8
8
9
9

Number of
Reduced Response

Functions',

1
0
1
2
2
1

2
2

' 2
2
2
2

3
6
6
6
6
£
6
6

6
6
6
6
6
6
6
6

10
5

10
10
10
10
10
10

10
10
10
10

iu
10
10

f

*) For elastic scattering only the even Coulomb (C0.C2,...) and odd magnetic (M1.M3,...)
mult!poles should be retained.

b ) That i s , the number of response functions of the type wj-.wl.wTJ and wIL (as in
£q. 16 ) 1$ given In this column. » • » T
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Tible II.B;

I t . I T -

J* - J/
1 T

0; - Of
o;-o*
o; -1--
o; » i;
0* * 21

o- - r
«

1/2" * 1/2*
1/2* * 3/21
)/2; * 3/2*.
1/2; * 5/2:
1/2" - b/2+

i; I or
i:-o;
i ; - 1 -
il - K
i;-2-
i;- ?!
1!* ^
r - 3*

3/2^ - 1 / 2 ;
3/2; - 1/2:
3/2; - 3/2-
3/2; •» 3/2:
3/2: - 5/2"
3/2; - 5/2:
J/2; - 7/2"
3/2" - 7/2-

?:- - 0-
i5 . 0"

2: * ^

21 - 2 J

2; - 3;

5/2; - i/r
5/2; - 1/2*
5/2; - 3/2-
5/2; * 3/2/
5/2: * &/2"
5/2; - 5/2;
5/2; - 7/2"
b/2" •» 7/2'

Number of terms contributing to A

Multipoles Permitted*

CO
..
Ml

Cl/El
C2/E2
H2

CO,Ml
Cl/El

Ml, C2/E2
Cl/El, H2
C2/E2. H3
H2, C3/E3

HI
Cl/El

CO, HI. C2/E2
Cl/El, M2

HI, C2/E2, H3
Cl/El, H2, C3/E3
C2/E2, M3. C4/E4
M2, C3/E3, H4

Ml. C2/E2
Cl/El, M2

CO, HI, C2/E2, H3
Cl/El, M2, C3/E3
HI, C2/E2, H3, C4/E4
Cl/El. M2, C3/E3, H4
C2/E2. M3. C4/E4. M5
M2. C3/E3, M4. C5/ES

C2/E2
M2

Ml, C2/E2. M3
tl/tl, M2, C3/E3

CO.M1,C2/E2.H3,C4/E4
Cl/El.H2.C3/E3.M4

Ml.C2/E2,H3,C4/E4,M!>
Cl/tl.Mii,C3/E3,M4,C5/E5

CZ/E2, M3
M2, C3/E3

Hi, C2/E2, H3, C4/E4
CJ/EI, H2, C3/E3, M4

CO, H), C2/E2, M3, C4/E4, M5
Cl/El, M2, C3/E3, M4, C5/E5
Ml, C2/E2, H3, C4/E4,M5,C6/E6
Cl/El,H2,C3/E3,H4,C5/E5,H6

Values of i-
which

-

~

1
1
1
1
1
1

I
1
1
1
1
1
1
1

1.3
1,3
1,3
1,3
1,3
1.3
1.3
1.3

1,3
1,3
1.3
1.3
1.3
1.3
1.3
1,3

1,3,5
1.3,5
1,3,5
1.3,5
1.3,5
1.3,5
1.3,5
1,3,5

contribute
TI'

-

1
1
1
1
1
1
•

:

1
1
1
1
1
1
1

1.3
1,3
1,3
1,3
1,3
1,3
1,3
1,3

1,3
-
1,3
1,3
1.3
1.3
1,3
1.3

1.3,5
1,3,5
1,3,5
1.3,5

lU.'b
1.3,5
1.3.5

Number
of

Multipoles

1
0
1
2
•i.

1

2
2
3
3
3
3

•
11
4
3
4
6
5
4

3
3
5
b
6
6
6
b

2
1
4
5
7
6
7
8

3
3
b
6
a
8
9
9

Number of
Reduced Response

Functions6

0
0
0
0
0
0

2
2
2
2
2
2

1
2

2
2
2
2
2

4
ji
**

«

*

4
MH
A
H
M

4
4

4

2
4
4
4
4
4
4

b
6
6
6
6
6
6
6

a ) For elastic scattering only the even Coulomb (C0.C2,*") and odd magnetic (Ml,H3. — J
moltipoies should be retained.

b) lhat Is, the number of response functions of the type wV and WTi" u s In Eq. 17 ) 1s
given In this column. * *
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= odd:

R

where the usual (unpolarized) form factors are given by

F2(q,6)fi = VLF^(q)
fi + VTF

2(q)fi (22)

with longitudirtal and transverse contr ibut ions . The unpolarized (e , e f ) cross

sect ion i s then given by

Z 0 i S 4naM frec ^ I ' 8 ) " - <23>

We may then display the complete (0*,<f>*) dependence of the cross sections

separate ly from the (q,6) dependence as contained in the tensor po la r iza t ions :

^ ( ^
even ( 2 4 )

p|(cose*)cos24.*Ra(q,6) i±)]

fi o I < i % ^ i i ; i ( q » e ) f i ) ] . (25)

odd

In writing things this way we have used the special results

n = F L ( q ) f i = J F c j ( q ) <26)

{ E J M J q ] (27)

so that

Ro ( q , e )f i = 1" ( 2 8 )

We shall return to these tensor polarizations in the next section and relate

them to the more familiar t.^polarizations used in discussing elastic scatter-

ing. Before turning to that discussion let us note two special circumstances.

First, for J.=0 or 1/2 we ha,,'
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, 1/2), (29)

that is, just the usual unpolarized (e,e') cross section. New information

in I*. jLs obtained only when J._>1. Secondly, for J.=0 we have

i =0

whereas for J. = 1/2 we obtain

(Ji=0) (30)

Af i = z o 1 ( c o s e * R i ( q , e ) f i + s i n e * c o s < ^ * R i ( q ' 0 ) j f i ) , ( J i

with new information ( i . e . beyond the usual unpolarized cross section) con-

tained in A*. .

3. ELASTIC SCATTERING

For e l a s t i c sca t te r ing the possible multipoles are

J=even
F j ( q ) ~= <

where Oj<J<2JQ with J.=J =J_.

be wri t ten '

(32)
J=odd

The elastic reduced response functions may

(33)

where, of course, only the appropriate even- or odd-J multipole form factors

occur:

K = L

K = T, TT, T,

K = TL, TL1

J' = even, J = even

J' = odd, J = odd

J' = even, J - odd .

The expansion coefficients may be expressed in the form

2/2 1, .
J J » It

, K = L

, K = T, T'

, K = TL, TL'

(3A)



where we have defined functions

and

* ..J (J,+J--*>

V M
5<-> (oooj

(i /i i),
.t = 0,1,2 and & > Ji only,

0 —

( 3 5 )

( 3 6 )

(37)

with [x] = /2x+l . From these definitions we see that X-coefficients are com-

pletely symmetrical under permutations of J,, J and d. and that a , . ,

20
3 J fj. i and j«j. A

are symmetrical under interchange of J, and J (since only

J' = odd, J = odd, ^= even enters for the TT term where *K= 2). Thus the sum-

mation in Eq. (33) may be written

E (•••) = I (•••) + 2 E (•••)
J'J J,-J J'<J

(38)

for the L, T, TT and T1 cases.

The above equations apply for the case where the target is polarized and

the recoil nucleus polarization summed over. Of interest also is the case

where the target is unpolarized, but the recoil nucleus polarization measured.

Equation (15) then allows us to write

K K
R.j - ± R*. (elastic electron scattering) (39)

with similar relationships for the W's, where the plus sign occurs for K=L, T,
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TT and TL, and the minus sign for K=TL and T" . Thus, all of the above analy-

sis applies (up to a sign) whenever either initial or final nuclear polariza-

tions are specified. In the situation when the final-state recoil polariza-

tion is measured, it is convenient to express the cross section in terms of

analyzing powers and polarization tensors. The latter are given in terms of

the quantities discussed in the present work by

* AfT~f
\ /($-!)$ ($+!)(£+2) .#=2, 2±

We shall return below to an example where these are used (viz. for the deu-

teron).

Let us now turn from the general to the specific and look at a few illus

trative examples. In all cases we shall assume that the target is 100% polar

ized and so use Eq. (13) for the Fano tensors.

(i) JQ = 0

We recover only the usual unpolarized cross section

Efi = Z0 '

(ii) Jo = 1/2

Only CO and Ml multipoles can occur and we have

. + sin6* cos<t>* R.(q,8) i t .} , (42)

where we obtain from Eqs. (33-37)
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Rl(q'9)*i = "VT F l ( q )

Ri C q' e )a = _ vTL 2 Fo ( q ) Fi ( q )

with the usual form factor given in this case by

(43)

F2(q,6) = v (44)

With a polarized target and yet no electron polarization one does not

learn anything beyond the usual unpolarized (e,e') cross section. Ta cases

where |FQ (q) |« JF (q) | or |FQ(q)| >>| F (q) | the small form factor is hard to

separate from the large one using the usual Rosenbluth separation method

2 2
(i.e., varying v for fixed q to separate Fp(q) and F.. (q) in Eq. (44)), as

they occur as their squares. On the other hand for polarized targets and

polarized electrons one may determine A^. which involves the interference

F0(q) F, (q) and hence is a much more sensitive probe of the small piece. A

special fundamental example of this sort is provided by the nucleon itself,

where at high q the transverse form factor dominates over the longitudinal

7 2 3
one . Measurements on H or He with polarized electrons and polarized tar-

g
gets would improve our knowledge of G which is presently very limited

except at very low momentum transfer.

(iii) J,0

The possible multipoles are now CO, Ml and C2 and we have for the usual

unpolarized form factors

F2(q,6) =
T T

F2(q) = F2(q) + F2(q) (45)



Thus, with unpolarized scattering only the sum of the squares of the CO and

C2 contributions may be determined, not the CO and C2 pieces separately. With

polarized targets, however, we have

lH = V 1 + (p
2

(cose*) R

^ + (q, (46)

(47)

where

R
rl Jl, (q,6)

2 (

(

[ F ]

= ~ V [ F ]

_ i " F2 ) ] (48)

Thus, for example a measurement of R^, either as here with polarized

targets or by measuring the recoil polarization, together with the unpolar-

ized longitudinal and transverse form factors allows a determination of the

CO and C2 contributions separately. Note that these tensor moments may be

separated by using the (Q*,4>*) dependence above. In particular £,. and A*,

may be separated using the dependence on the electron helicity h = ±1. Then,

R1 and Kj" may be separated using either the 8*-dependence or the <}>*-dependence

0 1 2or both. Likewise R« and R« and R- may be separated from each other and

from the unpolarized cross section. For completeness, let us use Eq. (39) to
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convert these expressions to the forms appropriate for measurements of the

recoil polarization (R_ and R. change sign) and use Eq. (40) to obtain the

polarization tensors for spin 1:

- R° - 1

t u(l)

t 2 O d )

3 1

3 1

]
(49)

t n(l) -•3

t 2 2 d ) = 2/3

Upon employing the following relationships between the F's as used here and

the G's as used elsewhere,

FQ = (1 + T ) G

2
"•3

2/2

GM (50)

r

where x = -q q M M , , we obtain the usual expressions for the polarization

tensors as applied to the case of elastic scattering from deuterium. Of

course the same formulas apply for any other «J=1 target and interesting exam-

6 14pies are provided by the ground states of Li and N.

(iv) JQ = 3/2

The possible multipoles are CO, Ml, C2 and M3 and we have for the unpo-

larized form factors



F2(q,e) v ^ (q)

= F2(q) + F*

F2(q) + F2(q)

(51)

With polarized targets we have

P2(cos6*)cos (52)

(P3(cose*)R°(q,9)fi (53)

where the polarization tensors are given by

R2(q'e)fi = " { 2 VL [ FO F2 ] + VT[5(Fl+»/f F 3 ) 2

3)] /F
2(q,6)

R 2 ( q ' 6 ) f i = VTT[5(F1~F3 + / F1F3 ) ] ; F 2 ^ »

T[I(F1 + F 3 ) ]

"Vk[ J ((F0 + fVFl
VT[IF3(F3

f-h «*V

f F2F3)]

f

(54)

3~ 7
As a first example let us consider the -r ground state of Li using form

9
factors calculated with Cohen and Kurath wave functions . In particular we



show in Fig. 2 results for unpolarized electrons of 300 MeV incident on polar-

ized Li nuclei. We assume that the target nuclei are 100% polarized in

the L, N and S directions in Fig. 1, that is, along the incident beam

direction, normal to the electron scattering plane and "sideways", respec-

tively. Of course, as the electron kinematics change, the direction q changes

and so the angles (9*,<J>*) in Eqs. (52) and (53) must change to keep the polar-

ization axis fixed in the laboratory coordinate system. In Fig. 2 three dif-

ferent asymmetries are shown as functions of q or 8, Taking this new informa-

2 2tion together with the familiar unpolarized form factors F and F allows a

complete separation of the four multipoles which occur. Drawing upon discus-

sions of luminosities, etc. with polarized targets internal to a stretcher

15 2
ring we estimate that, for target thicknesses on the order of 10 atoms/cm ,

— 33 2
the practical minimum cross section is about 10 cm /sr. With e = 500 MeV

this implies that momentum transfers out to beyond q ~ 400-500 MeV/c should be

accessible for this example. Using polarized electrons and polarized targets

would permit A^. to be determined in addition to £*.• In Fig. 3 we show

results for the polarization ratio A/Z as a function of q for different scat-

tering angles 0 (and hence different incident electron energies e). Solid

-33 2
curves correspond to cross sections above 10 cm /sr; dashed curves involve

-33cross sections below this number. The dots mark the transition point (10

2
cm /sr) and occur at the electron energies indicated by the numbers near the

dots. Clearly the polarization ratios are large for large scattering angles

and intermediate energies, but become smaller at small 6 •«-> large e. This

reflects the explicit tan 6/2 in the electron kinematic factors v' and v'

(see Eq. (18)).

+ 39
Another spin-3/2 case is provided by the 3/2 ground state of K. The

2
unpolarized elastic magnetic form factor is shown in Fig. A. Here the



dashed curve is a pure Id., .„ proton form factor, the dotted curves show results

when core polarization (CP) effects are included and the solid curve shows J

results when meson-exchange currents (MEC) are added as well (see ref. 10).

In fact it appears that CP and MEC effects are rather different for the Ml and

2
M3 form factors that together constitute F_. The problem is that with unpolar-

ized scattering we cannot separate the different multipoles. On the other

39
hand with a polarized K target it is possible to separate the Ml from the

M3 and so gain finer information on the effects of interest. In Fig. 5 we

show asymmetries of the type discussed above for Li, indicating the pro-

nounced shifts which occur when the CP and MEC effects are included. Clearly

such new polarization information would have a significant impact on electron

scattering studies of nuclear structure.

A. INELASTIC SCATTERING

The generalization of the formulas presented above in Sec. 3 now to

include inelastic scattering goes beyond the scope of this brief overview of

the problem. They will be discussed in detail in ref. 3. For the present

purposes let us consider only two illustrative examples.

(i) 3± = 1/2, Jf = 3/2, irf = iK

In this case we may have Ml, C2 and E2 multipoles and the unpolarized

form factors become

F 2 ( q , e ) f i = V L F j f i ^ f i

1 = F^(q) (55)

1 = F^ (q) + Fi,(q) .
J. Ml hi.

2 2 2
A Rosenbluth separation will permit a determination of Fc2 and F .. + F , but

not of the complete set of separated multipoles. With polarized targets, but



without polarized electrons we obtain nothing new (this is the special spin-

1/2 ground-state case):

ZH = zj
1 (56)

On the other hand with polarized electrons and targets we may study

^ ^ j(q,e)fi3. (57)

where

Rj(q,e) a = V^f(FM1
2 - F ^ - 2/3 FM1FE2)] / F

2(q,6)fi

Ri ( q' 6 )a = "VTL[FC2(FM1 + ^ FE2 ) ] ' F 2<q« 6) f i • (58)

1 1 3 3

A specific fundamental case of this type is the N(- -r-, 938) •+ A(T ̂ -, 1232)

transition. In the most naive model both the nucleon and delta are composed

of three Is quarks and the transition is a pure Ml spin-isospin flip. How-

evers if orbital configurations are admixed by the color hyperfine interaction

between quarks (e.g., L=2 with h=0 — this is analogous to the D- and S-state

admixing which occurs in the deuteron ground state because of the presence of

a tensor part in the NN interaction), then C2/E2 multipoles will also be pre-

sent. One can try to separate the longitudinal and transverse form factors in

a usual Rosenbluth separation; however* the fact that only the squares of the

individual tnultipoles occur in Eqs. (55) makes it difficult to see the small

Coulomb contribution. On the other hand, with polarized electrons and protons

it is now possible to measure R, and R.. in Eq. (58). By working near <j>*=0°

or 180° (i.e., in the electron scattering plane for the axis of polarization),

the magnitude of the cos<}>* term in Eq. (57) is maximized. Furthermore, by

working near 8*=90°, the P.(cos0*) = cosQ* factor can be made close to zero
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and the P (cos6*) ~ sine* factor can be made close to unity. With this as

the polarization axis the R. term can be minimized and the R- contributions

maximized. Importantly the latter contains the small C2 and large Ml contri-

butions as an interference<-

(ii) J± = 3/2, Jf = 1/2, irf = Tr±

As in the case above we have Ml, C2 and E2 multipoles with the same

expressions for the unpolarized form factors (Eqs. (55)). However, now the

initial state, which is presumed to be polarized, has spin-3/2 and it is the

final nuclear state, whose polarization is summed over, which has spin-1/2.

The situation is more akin to the example of elastic scattering from spin-3/2

polarized targets discussed in the previous section. The cross sections have

the same form as in Eqs. (52) and (53), but now with

FE2FM1)]}

R2(q,e)f.

F2(q,6)fi (59)

3/3

/F _ 1 F )] / F2(q,e)
Ml nr hi.

F2(q,e)fi

As a specific example we consider the transition from the 3/2 ground

7 - 13
state of Li to its 1/2 (0.A78 MeV) first excited state. ' Once again Cohen

g
and Kurath wave functions were employed . Beginning first with the situation



where the ground state of Li is polarized as in the elastic scattering case

above, but where the incident electron is not polarized, we have the results

-33 2 -1shown in Fig. 6. The cross sections remain above the 10 cm sr level out

to beyond 400 MeV/c momentum transfer for this case where e = 300 MeV. In

contrast to the elastic scattering situation where the asymmetries became

small at low q (cf. Fig. 2), here they may remain large down to the lowest

momentum transfers. The reason is that in the elastic case the low-q behavior

2
is dominated by the elastic monopole charge form factor, Fr,n , and at low-q

this piece has no interesting polarization dependence by itself and so dimin-

ishes the overall effect at low momentum transfer. In Fig. 7 we show a more

complete representation of the cross section I as a function of 9* and <f>* for

fixed electron kinematics (e = 300 MeV, 6 = 60°). The curve labelled <j>* = 0°

corresponds to sweeping the Li polarization around from the direction of q

(9* = 0°) to the direction opposite to q (9* = 180°) in the electron scatter-

ing plane. In the process one encounters the direction of the incident elec-

tron (labelled L) and the sideways direction (labelled S) as shown in Fig. 1.

A similar sweep, but reflected in the plane defined by the normal direction

and the direction q in obtained when <j>* = 180°. The remaining curve has

<j>* = 90° and so sweeps out directions in polarization space from q up through

the normal direction (labelled N) and back to -q. Clearly these cross sec-

tions are large enough to make such experiments interesting (using our cri-

-33 2 -1
terion of 10 cm sr the units used here).

5. CONCLUSIONS

Generally speaking it appears clear that inclusive electron scattering

from polarized nuclei presents us with a new tool with which to study nuclear

structure. Experiments using polarized targets placed within electron rings

are feasible at the luminosities that are projected for such devices. By
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controlling the nuclear polarization it will be possible to separate all multi-

poles from one another in a mixed-multipolarity situation. )

Even when only two multipoles (one longitudinal and one transverse) are

allowed and where the usual Rosenbluth method may in principle be employed,

the use of polarization may prove to be important in that interferences rather

than intensities are involved. For instance, when one form factor greatly

exceeds the other in magnitude, an interference measurement will allow their

separation, whereas the Rosenbluth technique may not in practice.

With polarized targets but without having polarized electrons information

beyond the familiar unpolarized cross section can be obtained when the target

has J.^l. In fact, a measuremnt of this sort, using the full target polariza-

tion variability, allows a complete separation of all multipoles from one

another. A fundamental example of this sort is

(1) 2H(e,e')2H

where measurement of t ^ permits a complete separation of the CO, C2 and Ml

contributions. A wide range of complex nuclei are also of this type and in

the present overview we have already discussed some of these:

(2) Complex nuclei with J.^l, it(e,e'):

7ti(e,e')7Li

7{Ti(e,e')7Li*

39it(e,e')39K

Of course, these are meant to be representative of the "typical" situation and

in no way constitute a catalogue of practical cases; this depends strongly on

the state of polarized target technology. Jp
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With polarized targets and longitudinally polarized electrons, targets

with J. = 1/2 can be added to the list. Two fundamental types of experiments

naturally suggest themselves:

(3) 2S(e,e')X or 3He(e,e')X, both viewed as S(e.e')N

where information on G may be obtained, and
tn

(4) ^(e.e'jA

where the C2/M1 interference rather directly reflects interesting effects such

as deformations in the A. Beyond these special cases many other targets also

fall in this general category:

(5) Complex nuclei with J± = 1/2, X(e,e'):

Finally, even with J. >_ 1, studies with electrons and targets polarized may

prove to be interesting . They constitute the same class as in (2) above:

(6) Complex nuclei with J. >̂  1, A(e,e') .

The nuclear physics interest in such studies is clear; a pilot program

of electron scattering experiments with polarized targets will hopefully be

undertaken in the not-too-distant future.
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FIGURE CAPTIONS

Fig. 1. Kinematics for electron scattering from polarized targets in the one-

photon-exchange approximation. The xyz coordinate system is defined

to have the z-axis along q and have the electron scattering occur in

the xz-plane so that the normal is defined by u = u = k x k,/

jk x k'I. The polarization axis is then specified by the angles

(0*,<}>*) in this coordinate system. It is also convenient to define

the laboratory directions u ("longitudinal", along the incident beam

direction), u^ ("normal", defined above) and u<, ("sideways", defined

-»• -*- -v

b y US = UN

LiFig. 2. Unpolarized elastic electron scattering from polarized Li at 500 MeV

incident electron energy. Cross sections in the L, N and S direc-

tions (see Fig. 1) are used to construct various asymmetries. Here

E is the unpolarized cross section.

7,.
Fig. 3. Scattering of polarized electrons from polarized Li. The polariza-

tion ratios A/E are shown for the S and L directions (see Fig. 1).

The curves are labelled with the electron scattering angle 0 and

have dots on the curves to denote the places at which the cross sec-

-33 2 -1
tion drops to 10 cm sr ; solid lines correspond to larger cross

sections and dashed curves to smaller cross sections. The numbers

beside the dots give the electron energies e corresponding to these

conditions.

39
Fig. 4. Unpolarized elastic magnetic forn. factor for K. The dashed curve

represents the single-particle result; the dotted curve includes

core polarization (CP); the solid curve includes meson-exchange cur-

rent (MEC) effects in addition (see ref. 10). The data are discussed

in more detail in ref. 2.



39Fig. 5. Unpolarized elastic electron scattering from polarized K at 400 MeV

incident electron energy (labelling as in Fig. 2). The dashed and

solid curves correspond to those in Fig. 4.

Fig. 6. Inelastic scattering of unpolarized electrons from polarized Li at

300 MeV incident electron energy. The nomenclature is the same as in

Fig. 2.

Fig. 7. Inelastic scattering of unpolarized electrons from polarized Li at

E = 300 MeV and 6 = 60°. Results are given as functions of the tar-

get polarization direction specified by (0*,<(>*). The special direc-

tions corresponding to L, N and S (see Fig. 1) are indicated.
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DEDICATED STORAGE RINGS FOR NUCLEAR PHYSICS

H. E. Jackson
Argonne National Laboratory

I. INTRODUCTION

The use of internal targets in circulating beams of electron storage
1 2 3and stretcher rings has been widely discussed recently * * as a method of

achieving high luminosity under conditions of low background, and good energy

resolution, with minimal demands for beam from an injecting accelerator. In

the two critical areas of the technology, ring design and target development,

research is very active, and the prospects for major advances are very

bright. Reasonable extrapolations of the current state of the art suggest for

many problems in nuclear physics, particularly polarization physics of the

nucleon and few body nuclei, internal target measurement may be the optimum

experimental technique. In this paper, we will discuss the comparative merit

of internal target rings and external beam experiments, review briefly current

research efforts in the critical areas of the technology, and establish one

goal for the discussions at this workshop. It appears that storage rings

dedicated to internal target physics may offer a powerful option for future

advances in nuclear physics.

In its simplest realization the internal target configuration

consists of a thin gaseous target of thickness in the range of 1-100 nanograms

located to intercept the beam at a point in the lattice of a conventional

stretcher ring where the circulating electrons are highly focused. The high

luminosity is achieved by recirculating the same electrons through the target

many times per second. The stored energy in the circulating beam is small

compared to that dissipated in burying an external beam of comparable

luminosity. Consequently, backgrounds and shielding requirements for an

internal target facility are modest compared to those for a conventional

external beam installation. The requirements of the ring place very limited

demands on the performance of the injecting linear accelerator. Only

approximately one pulse per second for circulating currents of -100-1000 manp

is needed. From the point of view of the remainder of the accelerator

complex, the operation of the ring is essentially parasitic. The luminosities

which can be achieved with target densities in the range of 10's of nanograms
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and circulating current of ~500 millamps are ~IO3* <cm2sec)- . This number is

adequate for many high priority experiments in nuclear physics. Although

external beam experiments can be characterized by luminosities 10-100 times as

large we will see that several advantages of the internal target configuration

can more than compensate for this difference in many cases. Some of the

useful properties of polarized internal targets are summarized in Table I.

II. INTERNAL TARGET VERSUS EXTERNAL BEAM EXPERIMENTS

One of the most basic experiments yet to be done in the study of

hadronic structure is the determination of the distribution of electrical

charge in the neutron. It is a measurement of highest priority and provides

an excellent example in which the internal target technique appears to be

superior to conventional external beam apparatus. Measurement of the electric

form factor of the neutron provides an important test of various quark bag

models of the hadrons. Measurements of the electric form factor, Gg with a

precision of 10% would reveal features of the charge distribution which are

extremely important. In the MIT model, the rms charge radius is 0 and in the

cloudy bag model it is 0.34 fm. The actual distribution predicted in the

latter model is shown In Fig. 1 together with the data available in Gg. The

prediction of the momentum dependence of Gg for several bag radii is also

indicated. Accurate data would provide a sensitive constraint on the bag

radius, one of the most fundamental parameters of the theory. Polarization

transfer from polarized electrons to an unpolarized target, or alternatively,

measurement of the asymmetry (analyzing power) in scattering of polarized

electrons by a polarized target have been proposed as techniques for such

measurements. We will assume that the measurement of the analyzing power is

representative of the internal target technique and compare a figure of merit

for the polarization transfer measurement as it has been proposed using an

external beam with the corresponding figure for the measurement of the

analyzing power. Specifically, we will consider the measurement of the

electric form factor of the neutron in the reaction H(e,e'n)p.

Both experiments use the fact that the polarization transfer fron

polarized electrons is directly proportional to the nucleon electric form

factor:
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-2/t(T+l)G_.GMtan -f
P • -~ 5 5—a

G E + T <yi+2(l+T>tan Z j ]

where T • Q2/4M . In the measurement of polarization transfer to unpolarized

protons the asymmetry, detected in a second scattering by an analyzer (see

Fig. 2a), is equal to the product

A - apxAy

where a Iβ the polarization of the incident beam and A is the analyzing power

of the second scattering. The neutron detection efficiency will be a product

of the polarimeter efficiency, e - 0.01, and the neutron detection

efficiency, e
n
~ 0.1. A reasonable value for the analyzing power of the

polarimeter is A
y
 • 0.3. In the measurement of the analyzing power, the

asymmetry will be;

A - ap
T
p

x
 - ap

T
p

x

where we have used the fact that p
x
 = p

x
 which follows from time reversal. p

T

is the target polarization which we take to be 1.0.

A valid figure of merit for the two methods is

F - A
2
eL/a

2
p

x

where e is the effective total neutron detection efficiency and L is the

luminosity. For the external beam experiment, the luminosity will be limited

by the beam power dissipation in the liquid deuterium target. Current

experience suggests that 100 watts is a reasonable limit. This corresponds to

a luminosity of 10 . For the ring experiment we assume a circulating current

of 500 mamp, a number suggested by present electron ring operating

experience. We use a deuterium tar-get thickness of 20 nanograms which appears

to be a reasonable design objective for target development over the near

future. The resulting luminosity is 2 * 1 0 ^ . The figure of merit is

tabulated in Table II together with the values assumed for the pertinent

parameter*. The internal target method is clearly superior. However, the

internal target ring has the additional advantage of what is essentially

parasitic operation with respect to the main accelerator complex. In
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addition, the much lower luminosity of the Internal target configuration

raises other possibilities. The total interaction rate in the target will

only be in the range of 10 -. 10 counts/sec. One can consider the use of

large solid angle, possible 4ir detection systems for experiments on this

facility. Much lower backgrounds resulting from the small loss of electron

beam per recond will minimize the need for experimental and structural

shielding.

Ultimately, the time required to make a measurement is the final

figure of merit for any experiment. The time required for a measurement of

the electric form factor of the neutron using an internal deuteron target and

the reaction H(e,e'n)p with 2 GeV electrons can be made using the cross

sections estimated by Cheung and Woloshyn. We consider a momentum transfer
2 -2Q « 10 fm where the experimental sensitivity is greatest. Using the cross

sections calculated for 1 GeV electrons and assuming that they scale with
2 -2electron energy like the Mott cross section, we find at 2 GeV for Q « 10 fm

.3
- 4 x 10 yb/sr-MeVdfl dkdtt

e p

If we assume A&e = 25 msr, AQ * 50 msr, and a quasifree peak with a 30-MeV

width, the parameter for the accelerator and target cited earlier give an

event rate of

50 events/sec

To measure a 10% asymmetry with an accuracy of 0.5% will require 4 x 10

events, or about

800 seconds

i.e. about 15 minutes!

One can show that this high count rate is not an anomoly. There are

a number of experiments involving few-nucleon systems which can be addressed

with a dedicated ring for internal target physics. These Include

determination of 1) the charge form factor of the neutron, 2) the monopole and

quadrupole form factors of the deuteron, 3) the C2 transition form factor in

electroexcltation of the A from the proton, and 4) the neutron form factors in

and other features of the internal structure of He. These topics plus the

nuclear spectroscopy program outlined by T. V. Donnelly in his talk would make

a very strong research program.
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III. DESIGN OBJECTIVES

There are two areas of the technology in which substantial research

and development will be necessary to meet the design objectives implicit in

our discussion. They are control of spin precession in electron storage rings

and generation of polarized internal target densities in the range 10*^-10

atoms/cm . The prospects for progress in both these areas is good. We would

like to review current efforts.

The question of control of electron spin orientation in GeV storage

rings has received much attention from high-energy accelerator designers. It

is customary to accelerate electrons in a ring with their spin parallel to the

guide field direction in order to minimize depolarization effects. Further in

electron storage rings circulating beams become polarized in the vertical

direction as a result of the Sokolov-Ternov-effect with a time constant

usually in the range of minutes. Our case differs in that we assume electrons

are injected into the ring from the linac at full energy with their spin

parallel or antiparallel to the magnetic field. However, Cheung and Wbloshyn

have pointed out that to produce observable spin dependences, electrons must

be polarized longitudinally. The effects of transverse polarization are

expected to be reduced by the ratio me/k. Therefore one must precess the spin

to the longitudinal direction in the interaction region. The possibilities

for spin rotators in electron storage rings have been widely discussed.

The simplest option is the vertical bend spin rotator shown in Fig. 3. For a

magnetic field which is transverse to the momentum of the beam, the

relationship between the bend angle 6 and the spin precession angle <J> is given

by

where g is the anomolous spin factor. To precess the spin by IT/2, a beam

deflection corresponding to HZ • 2.3 T-m is required independent of energy.

The value of Hi in the vertical deflecting magnets of the rotator shown in

Fig. 3 are set to 2.3, -4.6, 4.6, -2.3 T-m, respectively. The resulting spin

is longitudinal at the interaction point independent of energy and vertical at

the entrance and exits of the target straight section. The principle

disadvantage of this arrangement is the variation with energy of the

deflection angle, 16* at 2.5 GeV to 39* at 1 GeV. Ring operation over such a
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range of energies would require extensive changes in geometry and retuning of

the beam.

A possible simple alternative is shown in Fig. 4. A solenoid in the

straight section opposite to the interection region is adjusted to rotate the

spin by IT about the beam direction. Electrons are in injected into the ring

so that they are longitudinally polarized at the interaction point. They will

precess by an angle 8 in the horizontal plane relative to the beam direction

i.n transversing the first half of the ring. As a result of the solenoidal

induced 180° rotation in the second straight section the second rotation of 8

induced by passage through the second half of the ring will restore the

original longitudinal polarization. The strength required in the solenoid is

B£ - 10.5 Ec (T-m)

where Ec is in GeV. It can be shown that spin motion transverse to the closed

orbit spin direction is periodic repeating every 2 turns, i.e., the spin tune

is 1/2. The disadvantage of this alternative is the transverse polarization

of the beam during passage through the ring magnets. Under these conditions,

depolarization of the beam by imperfection resonances may limit the beam life

time to less than "1000 turns.

To avoid these problems, the use of "Siberian Snakes" have been

proposed. Recent designs developed at DESY are characterized by geometries

which are relatively insensitive to the electron energy. A Siberian snake is

a sequence of horizontal and vertical deflecting magnets inserted in a ring

straight section to rotate the spin by ir about a horizontal axis. The

electrons snake through such a device with no net deflection. There are two

types of snakes. "Cobras" which rotate spin about the longitudinal axis and

"sidewinders" which rotate about the transverse horizontal axis. Derbenev and

Kondratenko1* developed the Siberian snake system, and in their configuration

they proposed rotating the spins by 180° in two opposite symmetry points of

the ring lattice so that the spin components transverse to the closed orbit

spin direction close upon themselves after two revolutions independent of

energy. Thus at all energies the spin tune o* the ring is 1/2. The scheme Is

shown in Fig. 5. The snake of the first kind is a cobra with a 180* bend and

the snake in the opposite straight section is a "sidewinder" which rotates the

spin 180* about the x-axis. If one follows the various spin orientations

through the system, he can confirm that longitudinal polarization at the
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center :••<.' the sidewinder will be longitudinal for a circulating beam which is

transversely polarized in the ring magnets.

The disadvantage of early versions of the Siberian snake was the

same as that of the first system we discussed. The geometry of the snake will

vary with energy. Large energy variation will mean large variations in beam

position. Recently, Steffens has proposed13 a variant which minimizes this

problem. The geometry is kept fixed in one coordinate (e.g. the horizontal)

by appropriate variation in the magnet excitation. The resulting error in the

spin rotation is then corrected by a controlled energy-dependent variation of

the geometry in the other dimension (the vertical). An example of such a

snake is shown in Fig. 5. Here the energy compensation takes the form of

varying the angular deflection in the vertically deflecting magnets in a

prescribed manner as a function of beam energy. In this manner the vertical

excursion h can be reduced to a range of only ± 11% for an energy variation of

± 30%. Furthermore, compared to the first scheme we discussed, the excursion

for a given energy is only about half as great since half the vertical

deflection is required. Clearly this scheme is closer to an acceptable

scheme. However, the snake as outlined does not produce the longitudinal

polarization at the center at all energies. Rather the spin is in the

horizontal plane. The addition of an s-bend in the center of the snake has

been suggested to guarantee longitudinal polarization over an extended energy

range.

All of the conceptual designs in the literature constitute a proof

of principle for an effective spin-processor system. What remains is an

engineering effort to develop optimal solutions at a reasonable cost for rings

operating in the 1-4 GeV range.

II. TARGET DEVELOPMENT

The other critical element in the ring scenario is the target

thickness. What is a reasonable expectation for the density of polarized gas

targets in the ring? The current status of efforts to develop such targets is

summarized in Table III. In our conceptual design considerations, we have

used a target density of 3 x io14 atoms/cm3 or 6 x io15 atoms/cm2. This

number represents an extrapolation of the design of the target planned by Holt

and coworkers (see invited paper this conference), and further assumptions
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about permissible target geometry in a dedicated ring. We believe, in light

of current efforts, that this is a reasonable assumption. However, I would

like to propose as a goal for this workshop the establishment of a set of

parameters for target performance in light of our current understanding of the

technology and the research in progress, which can be regarded as a reasonable

expectation for experiments to be planned three to five years from now. Such

a design objective is very important in demonstrating the merit of internal

target measurements and the promise of internal target physics with electrons.
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Table I. Useful Properties of Polarized Internal Targets

Very efficient use of beam

Minimal demand for injected beam

Low background

Good luminosities, e.g., ~10 3 0 to 1034 (cm2 sec)"1

Excellent energy resolution

Negligible multiple scattering and energy loss by secondaries

Density of host atoms small or zero

Direction of target polarization easily controlled

Ho depolarization expected from beam heating or radiation damage
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Table II. Parameters for Experiments on Neutron Form Factors

External Beam Internal target
Exp. Exp.

L (cur-sec)"1

Ay

Polarimeter Efficiency

Neutron counting eff. efficiency

Incident beam polarization

^electron <msr>

F (msr/cm2-sec)

v38 2 x 1034

0.3

0.01

0.1

1.0

5

4.5 x 1034

—

-

1.0

1.0

25

5 x 1035

Parameters are defined in text.

Assuming the proton is counted in place of the neutron in a kinematically
complete measurement.
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Table III. Some Polarized Internal Targets in Development or Operation

Type of Target

Conventional atomic beam
(cryogenically cooled)

Low temperature recom-
bination of polarized
atoms

Spin-exchange scat-
tering from polarized
alkali atoms

Spin-exchange scat-
tering from polarized
alkali atoms

Optical pumping of
alkali vapors

Optical pumping of
alkali vapors

Optical pumping of
rare earth jets

Nuclei

H,D

H,D

H,D,N,...etc.
(Nuclei with
unpaired e~)

Noble Gases

Li

Cs

Eu

Facility

CERN (SPS)
[An80]

BNL-MIT (AGS)
[K182]

ANL (Aladdin
[Ho83]

Princeton
[Bh82]

Bell/MIT
Rutgers
[Pa82]

Princeton
[Bh81]

ORNL
[Sh82]

Target Thickness
Expected

5xl012-5xl()13atom/cn!
(Objective)

1017atorn/cm2

(Objectiv«)(Pulsed)

101*atorn/cm2

(Objective)

1019atom/cm2

(Lab Demonstration)
for Xe

10 ̂atom/cm2

(Operational
target)

1016atom/cm3

(Lab Demonstration)

1015atom/cm2

(Objective)
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FIG, 2. Possible experimental configurations for measurement of the
polarization transfer to the nucleon in the elastic scattering of polarized
electrons. >
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POSSIBLE SPIN ROTATOR CONFIGURATION

Fig. 3. Illustrative configuration for a spin rotator in a conventional
electron stretcher ring containing two straight sections. It is assuaed that
the polarization of the injected electrons are parallel to the Magnetic field
and that the electron spin is precessed to a longitudinal polarisation at the
target position by the "vertical bend" spin rotator.
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PULSE STRETCHER RING FACILITIES AT BATES

Stanley Kowalski
Bates Linear Accelerator Center

Laboratory for Nuclear Science and Department of Physics
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

I. INTRODUCTION

Electronuclear studies have played a leading role in the study of atomic

nuclei i..id of the reaction processes associated with a fundamental

understanding of the nuclear force. The MIT-Bates laboratory, as a national

user facility, has been in the forefront of this field for the past decade.

Pioneering technical developments such as the energy-loss spectrometer and

recirculator have made possible precise measurements in microscopic detail of

the nuclear charge, current and magnetization densities of nuclei. These

serve as a benchmark for much of our understanding of hadronic processes ini-

tiated by other less well understood probes.

The complement of large solid angle and broad-range magnetic spectrometers

has allowed the start of a program of exclusive measurements with multi-

particles in the final state. The future of electromagnetic nuclear physics

will rely heavily on such coincidence measurements using intense electron and

photon beams. High duty factor is of course the essential element for

effectively carrying out SKch a forward looking program.

An upgrade of the MIT-Bates Linear Accelerator Center has been developed

which would provide high duty factor (CW) electron beams, up to 1 GeV, for

nuclear research. The central element in the proposal is a Pulse Stretcher

Ring (PSR) which when fed by the existing accelerator/recirculator system

would produce extracted beams with a duty factor ~85% and an output
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emittance ~0.01TT mm-mr. Other proposed facilities include an energy \

compression system, recirculator extension and a solenoid system for producing

longitudinally polarized CW beams.

The proposal includes an experimental hall intersecting the ring which

will be used for internal target experiments. The circulating current in the

ring, 40-80 mA, will produce sufficiently high luminosity for experiments

with gas jet targets. This hall will provide a unique opportunity to develop

a pilot program of electronuclear studies with polarized targets. The devel-

oping technology for sufficiently high density targets looks very promising

and will be further encouraged by access to such dedicated facilities.

In Section II we discuss briefly the present facility; including a des-

cription of the accelerator/recirculator as well as the research equipment.

The present physics program is described in the context of the experimental

equipment. An ongoing program of facility improvements to develop other

essential capabilities such as longitudinally polarized electron beams is also

discussed.

Section III describes the proposed new facilities which are essential for

achieving CW operation. Included is a discussion of the operation of the

pulse stretcher ring as well as a description of the internal target hall.

Costs and a schedule for completing this project are summarized.

The CW physics program with particular emphasis on coincidence measure-

ments and internal target physics is outlined briefly in Section IV.



II. PRESENT FACILITY

A. Accelerator Systems

The MIT-Bates 400 MeV linear electron accelerator is one of only few

modern generation relatively high duty factor and high intensity machines

built for nuclear structure studies. The other facilities include those at

Saclay and NIKHEF. The essential goal in the design of such facilities has

been the generation of beam currents up to 100 uA and duty factors in excess

of 1%, and with excellent transverse beam emittance and spectral quality.

Basic accelerator elements include an injector linac, accelerator wave-

guide and microwave distribution system [Ha70]. As an electron source for the

400 MeV linac the injector produces a 20 MeV electron beam of high average

current (>100 yA) in an energy spread of 60 keV. The beam transverse output

emittance is measured to be ~lChr/y mm-mr. The accelerating waveguide is

based on a travelling wave disc-loaded 2IT/3 constant gradient structure

operating at 2856 MHz. The 23 sections were designed to achieve a high

current threshold for the cumulative type of beam break up. Central to the

generation of stable, high power RF are the five transmitter units. Each con-

sists of 2-pairr of switch tubes and two klystrons. The series-switch hard-

tube modulator design results in an exceptionally high phase and amplitude

stability in the generated RF. Measured performance shows that the RF output

pulse has less than 1° of RF phase variation over a 15 ysec pulse length at 4

MW peak power and 1 kHz operation..

In early 1982 the maximum energy capability of the original Bates linac

was doubled by using a magnetic transport system to return the beam from the

s output of the accelerator for a second pass through the accelerating



struct re. The recirculator is normally operated in the simultaneous mode,

with both f i r s t and second pass beams present simultaneously in the accelera-

t o r . This is essential to preserve the beam duty factor. This is the f i r s t

isochronous recirculator system [F181] and the f i r s t recirculation system

designed to work with a pulsed l inac. The recirculator has been used for

physics experiments for the past two years.

Typical normal accelerator operation includes RF pulse widths of 20 ysec

and beam pulse widths of 15 ysec. Peak currents of 10 mA are standard and

repetit ion rates up to 1 kHz are consistent with the maximum ratings of the

major power tubes. At present the maximum unloaded energies (l=0) are 410 MeV

and 800 MeV for the direct and recirculated beams, respectively. Essentially

a l l of the output current is within 0.3% in energy spread. Measured

transverse emittance at the maximum energies is approximately 0.0k mm-mr and

the bunch width is <3°.

Recently the accelerator has been operated successfully at 40 mA peak

current and pulse widths up to 20 psec. Such operation, at least for pulse

widths of ~3 ysec w i l l be required when injecting into the proposed PSR. For

the higher energies, the recirculator was operated in the head-to-tail mode at

similar currents. Pulse width in this mode is constrained by the total

accelerator-recirculator path length to be 1.3 psec. Beam emittance in both

planes was found to be about a factor of three larger at 40 mA than the lOrrZγ

mm-mr obtained at low current. The beam energy width was 0.6% in head-to-tail

mode. However, since a l l of the 40 mA direct single-pass beam was within

0.3%, further reduction of the recirculated energy spread may be possible.
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Several important accelerator improvement projects are currently underway

which will substantially add to our present capability. These upgrades

include additions to the RF system, beam sharing and a polarized electron

source.

A sixth RF transmitter is under construction. Together with other simple

modifications, when applied to the existing transmitters, the maximum recir-

culated energy will be raised to 1060 MeV (l=0).

At the present time pulsed beams are delivered to one experiment at a

time. Under development is a scheme for providing two beams switched on a

pulse-to-pulse basis to both experimental halls. Independent control of both

energy and intensity would be possible. Target date for this development is

1986.

A polarized electron source has been designed and is currently under

assembly at the accelerator. The ability to accelerate polarized electrons

will extend the physics capabilities of the facility and allow the measurement

of spin related effects. An important first measurement of this type will be

the Yale-MIT study of parity violating interference effects due to electro-

weak currents in the elastic scattering from
 1 2

C .

The polarized source is based on photoemission from a GaAs crystal and

will provide polarizations of 40% at intensities greater than 50 μA. Tests

with the completed source will start in Fall 1984.

B. Research Facilities

Most of the physics program is developed around spectrometer systems in
r

the two large experimental halls. A layout of the beam switchyard and the
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experimental areas is shown in Figure 1. The Energy Loss Spectrometer (ELSSY)

is located in the North Experimental Hall. All the other spectrometer

systems are situated in the South Experimental Hall complex. A summary of the

most important properties of these spectrometers is given in Table 1.

Table 1

Design Specifications for Bates Spectrometers

Solid Angle (msr)
Momentum Acceptance (%)
Maximum Momentum (MeV/c)
Resolution Up/p)
Angular Resolution (mr)
Angular Range
Fl ight Path (m)
Radius of Curvature (m)
Configuration

ELSSY

5.4
10
900 ,

4xlO-5

1
20°-180°
11
2.2
DD

MEPSa

35
20
400
5x10"*
< 5

0°;30°-150°
5

0.75
QQSP

OHIPSa»b

20
16

1300 ,
5X10",4

< 15
30°-150°

9
2.54
OQD

BIGBITE3

2-15
50-10

10 3-10 2

> 2
20°-160°

4
2

QQD

~ 0.5
15

~-350 _2
10 r-10 2

_
0°-180°

_
_
-

aEach of these spectrometers features a variable f i r s t d r i f t space: a larger
angular range 1s then possible with reduced solid angle and increased f l i gh t
path (see also Table I I I . B . I ) .

bConstruction of specially designed quadrupoles for OHIPS is assumed.

The basic experimental program has relied entirely on the use of electron

and photon beams. Nuclear structure studies (spectroscopy) is centered around

the high-resolution, dispersion-matched spectrometer f a c i l i t y , ELSSY, and i ts

auxil iary 180° scattering system. Together, these have been ut i l ized to make

fundamental measurements of the electromagnetic structure of discrete states

for nuclei throughout the periodic table. A recent example of such studies is
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the (e,e') measurement on 15lfGd [He82]. The object of these experiments was

to study the collective nature of the low-lying 2 states and determine their

rotational and vibrational character. Because the excitation energy for these

modes is small and most of the classical rotational and vibrational nuclei in

the medium and heavy mass range have a very high density-of-states, (e,e')

studies of these nuclei require the excellent resolution of the ELSSY spectro-

meter system. Figure 2 shows the first few MeV of the excitation spectrum

of 15l*Gd. Note that without this high resolution and the ability to use high

beam currents, the 2 excitation could not be seen above the background.

Quasielasti'c (e,e') measurements and studies of the (y ,p) and (y ,ir) reac-

tions were also done on ELSSY, while work on low-energy (near threshold) (Y,TT)

reactions was initially done in the 14° area. Since the completion of the

South Hall experimental area and the construction of the MEPS, OHIPS, BIGBITE

and TT° spectrometers, capable of detecting knocked-out pions, protons, etc.,

the focus of the work at Bates has expanded to include quantitative studies of

intermediate energy reaction mechanisms. With these developments the Bates

program broadly intersects and complements the nuclear physics research

programs at other intermediate energy facilities (using protons and pions)

such as LAMPF, IUCF, TRIUMF and SIN.

More recently, a very limited program of coincidence measurements has been

started. MEPS and OHIPS, for example, are being used for measurements of
12C(e,e'p) in the quasifree and dip regions and measurements of 2H(y,2p)ir~ in

the A-region. The low duty cycle (~ 1%) and poor energy resolution severely

limit the program to the most favorable kinematics and to those measurements

where resolution is not so important.
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The physics potential at the faci l i ty has been appreciably broadened by \

accelerator developments in the last two years. Successful operation of the

single-turn isochronous recirculator has increased the beam energy available

to beyond 750 MeV. The completion of the polarized electron source wil l

significantly add to this capability. Originally motivated by the desire to

measure the parity-violating interference amplitudes between the weak and

electromagnetic interactions in the scattering of polarized electrons from
12C, this source wil l also make polarized electron beams available for other

nuclear physics experiments.

III. PROPOSED NEW FACILITIES

The development of high duty factor (CW) capability at intermediate

energies is the central goal for the future development of the Bates labora-

tory. To achieve this upgrade, a formal proposal has been developed and sub-

mitted to DOE for funding. In the proposal we describe three major

accelerator systems which together would upgrade the Bates facility to CW

operation at a maximum energy of 1 GeV and at maximum currents up to 100 pA;

a pulse stretcher ring (PSR), an energy compression system, and an extended

recirculator. In addition to the accelerator upgrade, we also propose the

construction of a small internal target hall. This hall will provide a

unique opportunity to develop a pilot program of electronuclear studies with

polarized targets.

In this paper we briefly summarize some of the important technical aspects

of the proposed facilities. A site plan including these new facilities is

shown in Figure 3.
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A. Pulse Stretcher Ring

The central element in our proposal is a Pulse Stretcher Ring (PSR) which

when fed by the existing accelerator/recirculator w i l l produce electron beams

with a duty factor ~85% and an output emittance ~0.0h mm-mr. I t is designed

to operate in the energy range of (0.3-1) GeV at peak circulating currents up

to 80 mA and average extracted currents up to 100 pA. High duty factor oper-

ation is based on repetit ive injection of a short high peak current (40 mA)

pulse followed by time-uniform extraction of the stored beam during the inter-

pulse period (>1 msec).

The design is based on a scheme using two-turn injection followed by

half-integer resonant extraction and is capable of normal operation at injec-

t ion frequencies up to 1 kHz. Calculations simulating the extraction process

predict high duty factors and excellent output emittance. The internal and

extracted beams w i l l be within an energy spread of ±0.02%. Ring operation,

at up to half the maximum average current, w i l l be possible using one-turn

injection as wel l . This mode of operation wi l l be used for i n i t i a l beam

tests and may be the most important mode for dedicated internal target

experiments; with the natural emittance of the present electron beam, a c i r -

culating beam with sub-millimeter dimensions wi l l be produced at the location

of the internal target <n the r ing.

The ring configuration, as shown in Figure 4, is of basic rectangular

shape made up of four 90° bend regions which are joined together by four

straight sections: two are 42 m long and the other two are 93 m long. The

ring circumference is 390 m.
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An important consideration in the design of the PSR was the ring circum- J

ference. The accelerator single pass beam for energies below 500 MeV is

variable in pulse length from 1 ysec to more than 20 ysec, so that the

required injection conditions, with respect to both pulse length and peak

current, are easily met and have been demonstrated. The recirculated beam

required for energies above 500 MeV, however, is fixed in pulse length for

high peak currents. This pulse length, using head-to-tail recirculation with

the present recirculator, is 1.3 ysec. With the proposed recirculator exten-

sion i t is 2.6 \tsec. The 390 m circumference ring (1.3 ysec) would operate

with two-turn injection for the highest extracted currents. With a peak

current of 40 mA in the accelerator and operating at 1 kHz, this provides a

circulat ing current of 80 mA and an average current of 100 yA in the extracted

beam. With the existing recirculator, one-turn injection must be used for

energies greater than 500 MeV, giving maximum circulating and extracted

currents of 40 mA and 50 pA, respectively.

Injection into the ring is controlled by fast kicker magnets, an

electrostatic septum and a magnetic septum. The kicker magnets displace the

central orbit ~12 mm so that i t is momentarily located in the wire-plane of

the electrostatic septum. The beam is injected in the horizontal plane with a

betatron amplitude of ~3 mm. For one turn operation with internal targets i t

w i l l be possible to inject the beam directly on the closed orb i t .

The extraction technique which wi l l be used and which is most compatible

with either one- or two-turn injection is that of half-integer resonant

extraction. During extraction, the horizontal tune of the PSR, i n i t i a l l y at

10,46, is slowly adjusted towards the 10.5 resonance by rceans of a ramped a i r -

core quadrupole. An octupole element, operating at constant strength,
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separates the part icle motion in phase space into stable and unstable regions

(Figure 5) . During extraction, as the stable phase space area is slowly

reduced, a l l the particles eventually become unstable. Particles which fa l l

outside the stable area osci l late with increasing amplitude unti l they find

themselves within the electrostatic septum and are then extracted. The pre-

sence of a "stop-band", which is characteristic of a half-integer (linear)

resonance, is useful for improving extraction eff iciency.

Calculations show that a f i n i t e ring chromaticity in combination with

careful ly programmed control (feedback) of the ramped quadrupole wi l l ensure

time-uniform extraction. For typical operating conditions the calculated out-

put duty factor can be as high as 85% and is depicted in Figure 6. The output

emittance, after corrections for angular dispersion and time-angle correla-

t ions, is ~O.O1TT mm mr in both planes, which is essentially as good as the

emittance of our present pulsed beam. This emittance is much better than that

expected of other proposed linac-PSR systems and is comparable to that ex-

pected of microtrons at similar energies.

A relat ively low power (2 kW at 1 GeV) RF system operating CW at 2856 MHz

wi l l be used in the ring to maintain the injected energy spread (±0.02%) and

the mean energy. The resulting synchrotron osci l lat ion period (~50 turns) is

long enough to maintain al l the advantages of the extraction technique. A

single-cell relat ively large aperture cavity w i l l be suff icient to provide the

required accelerating gradient. Computer simulation of the multi-bunch,

mult i- turn transverse ins tab i l i t i es , driven by the excitation of higher order

modes in the cavity, has been carried out. The results indicate that beam

li fet ime limitations set by these instabi l i t ies wi l l not interfere with the

f operation of the PSR as described above.
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I?

An evaluation of all the classic space charne limited instability effects

shows that ring operation will be well within safe limits. In addition^ ^ [

recent experience with multi-bunch operation at Daresbury [To84] and BESSY

[Le84J with circulating currents in excess of those proposed here gives added

support to our confidence in the understanding of all important instability

phenomena.

Table 2 summarizes some of the important parameters of the PSR as

designed. Figure 7 shows the machine functions including focussing strengths,

for the ring.

TABLE 2
PSR PARAMETERS

Circumference
Length
Wi dth
Bending Radius
Momentum Compaction
RF Frequency
Extracted Duty Factor
Extracted Emittance

Energy

390.5 m
131.0 m
80.9 m
9.1 m
0.014

2856 MHz
-87%
~0.01ir mm-mr

250 MeV

Damping Time (Longitudinal)(sec) 8.6
Damped Emittance (mm-mr) 0.0015*
Damped Energy {%) 0.014

4

Tune
Chromaticity (at extraction)

Uncorrected
Corrected

Bend e max
g min
n max

Long Straight g max
& min

Horizontal

10.46

-16.3
0

13.9
3.6
3.8

32.0
1.0

1000 MeV

0
0
0

.13

.024*

.056

Vertical

10,

-12,
0

6,
2.
0

20.
2.

.60

.8

,1
,6

,3
6
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B. Energy Compression System
V

For experiments resolving a nuclear final state, it will be important to

maintain a very small energy spread on the scattering target. The proposed

energy compressor system located in the input beam line to the PSR will be

used to reduce substantially the beam energy spread at the output of the acce-

lerator. It consists of an achromatic chicane followed by a pulsed accel-

erating structure. The four magnet system disperses the electron bunch in

longitudinal phase space such that at the entrance to the accelerating sec-

tion the high energy electrons arrive first and the low energy electrons last.

Proper phasing and amplitude control of the applied RF reduces the injected

energy spread by a factor of up to ~15. Calculations predict that our worst

case input energy spread of ±0.3% will be reduced to ±0.02%.

C. Extended Recirculator

The CW upgrade proposal includes an increase in the head-to-tail recir-

culated pulse length from 1.3 psec to 2.6 ysec by extending the length of the

existing recirculator. Such an extension has several important advantages:

i) It makes possible an average current capability of 100 yA at recirculated

energies (>500 MeV) using demonstrated 40 mA single pulse head-to-tail

operation. The increased current capability is of course most important for

these higher energies.

ii) It will provide better beam quality (energy spread and emittance). The

required peak current, for a given average current, would be a factor of 2

less than with the present recirculator, and the pulse length would equal two

/ guide filling times rather than tha present one.
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i n ) At 50 MA average current, the extended recirculator provides 90 MeV J

higher energy capability than would otherwise be available with the present

recirculator because of beam-loading.

D. Internal Target Hall

There are additional research opportunities which are natural consequences

of the proposed CW upgrade and which are not presently available at Bates nor

planned (to our knowledge) at any other facility at this time. The most

important of these involves physics using thin targets intercepting the cir-

culating current in the PSR (internal targets). The high circulating current

in the ring (up to 80 mA) compensates for the low target density and thereby

achieves an acceptable luminosity.

The need to use ultra-thin targets is important for those experiments

which are either extremely difficult or impossible to do any other way. These

include: 1) experiments with polarized targets which are most conveniently

produced as atomic beams or optically pumped vaors and have very low den-

sities, and 2) experiments in which the reaction products have very high stop-

ping power thus requiring very thin targets to achieve reasonable resolution.

Other classes of uses involve those where the targets are most conveniently

available as gases at room temperature and for which cluster jets of reason-

able density lead to useful luminosities. At the other extreme are those

experiments where low luminosity is required by the nature of the detection

process and it may be possible to operate the PSR for longer storage times and

thereby realize operational economies.

A central consideration in assessing the feasibility of experiments with

internal targets is the question of emittance growth of the beam due to its
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l' interaction with the target and the related questions of beam lifetime, halos

and background. These problems have been studied recently by Craft and

Williamson [Cr83], and we will summarize briefly the principal conclusions.

1) The emittance growth with time i% slow enough to allow dedicated operation

of the ring for targets with thicknesses up to 1.1x10 /A atoms/cm2. Parasite

operation, even with much thinner targets, may be difficult; while the

extracted beam quality would not be degraded with target thicknesses

<1017/A atoms/cm2 the beam profile during extraction may adversely affect

such operation for many targets. 2) The affect of the low-energy tail and

angular smearing due to bremsstrahlung do not appear to be a serious problem

if careful beam collimation and dumping are practiced. 3) Beam dumping

should be similar to that in linear machines. 4) The background level pro-

duced near the target would be no higher than for external targets operated at

the same luminosity, and may in most cases be lower.

The most important internal target physics deals with the use of polarized

gas jet targets. Up to now almost no such work has been possible for lack of

suitably thick targets as well as the lack of an internal target facility

where even the most optimistic target development efforts would for the first

lime yield acceptable luminosities.

Several target development efforts are underway with design objectives and

even some operating targets which look very promising. These targets include

nuclei such as H, D, Li, Cs, Eu and 3He. The paper by Holt, in this con-

ference, summarizes these ongoing efforts. Target densities range from 10 3

to 1O19 atoms/cm2 and given circulating currents of 40 mA, luminosities in the

range of 10 3 0-10 3 3 cm~2sec-1 could be achieved in the near future using an

y extrapolation of present technology.



The proposed internal target hall is a 50'x40' underground structure which

intersects the PSR along one of the straight sections (Figure 3). It is con-

sistent with the scale of a spectrometer needed to analyze reaction products

from 1 GeV electron scattering. This hall will provide a unique opportunity

to develop a 'pilot' program of electronuclear studies with polarized targets.

Some such select experiments are discussed further in Section IV.B. Further

development of this facility would depend entirely on the success of the phys-

ics program.

E. Polarized Beams

Longitudinally polarized electrons will be provided both in the extracted

CW beams and in the circulating beam in the PSR. Polarized electrons are very

important to the future physics program. To our knowledge this capability is

not presently planned at any of the other intermediate energy CW facilities

under design or construction.

Polarized extracted CW beams will be available for energies between 0.3

and 1.0 GeV. The electrons are injected with polarization along the direction

of the PSR guide field. Following extraction, two superconducting solenoids

in combination with appropriate achromatic deflecting systems will rotate the

spin direction such that it is longitudinal in any of the experimental areas.

Providing longitudinal polarization at the location of the internal target

hall is more difficult. As an initially longitudinal spin precesses in the

guide fields, it will not in general return to the same polarization on sub-

sequent revolutions. The approach we are considering involves keeping the

electron spin in the plane of the PSR and longitudinal at the location of the

target. Two possible techniques for achieving this are:
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/ i) Magic Energies. An electron with the energy 220n MeV, with n integer,

will maintain longitudinal polarization at the target. While these fixed

energies are adequate for the physics, the feasibility remains to be further

evaluated.

ii) Siberian Snake. In this approach a superconducting solenoid would be

installed in the straight section directly opposite the internal target hall.

It would be adjusted such as to precess the spin 180° about the longitudinal

direction. The symmetry of the ring ensures that the spin which was injected

to be initially longitudinal at the target, would return to this polarization

on all subsequent passes.

Very little relevant experience is currently available for storing rela-

tively low energy polarized electrons in rings. Questions on spin stability,

althougr. they do not appear serious, remain to be answered. These dif-

ficulties are substantially reduced since the particles only have to be stored

for a few hundred turns.

F. Costs and Schedules

The total cost (1984$) of the proposed facilities is $19.8M. A 20% con-

tingency is included. Costs for the individual elements are: pulse stretcher

ring ($15.9M), internal target hall ($0.9M) and recirculator extension

($3.0M). It is estimated that $1.2M will also be needed for Research and

Development in connection with the final design, prototyping and testing of

some of the specialized elements for the PSR.
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The schedule calls for the availability of CW electron beams approximately

3.5 years following authorization and funding. A total of 87 person years

equivalent of technical effort will be required to complete the project.

IV. PHYSICS PROGRAM

The Bates linear electron accelerator has been delivering electron and

photon beams to experimentalists for about a decade now. Up to now the phys-

ics program has centered around high-resolution nuclear structure studies

using the dispersion-matched spectrometer facility. Some aspects of this phys-

ics as well as the charged pion and photoproton work were discussed in.Section

II.B. In this section we will concentrate more on the future physics made

possible by the proposed CW upgrade.

The research programs to be carried out with intense CW electron and pho-

ton beams with energies up to 1 GeV will provide important insights for

advancing nuclear physics along new directions. The limitations of the tradi-

tional framework of nonrelativistic nucleons interacting through potentials

are apparent. We now know that hadronic degrees of freedom play a central

role in determining the properties of nuclear forces and the structure of

atomic nuclei. Also, relativistic theories of nuclei based upon interacting

nucleon and meson fields lead to striking predictions for intermediate energy

processes. These new approaches which take us beyond the traditional frame-

work, pose fundamental questions for nuclear science. The capabilities

offered by an upgraded Bates laboratory are ideal for pursuing these

questions.

We will discuss this future physics program in two broad categories.

First we have the coincidence program which for the most part will evolve
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around the spectrometers in the South Hall complex. Secondly, comes a

discussion of the internal target physics which will be developed in the pro-

posed new experimental hall.

A* Coincidence Experiments

A major effort will be devoted to work at large energy transfer, where

energetic nucleons are emitted directly and/or pions are produced. The (e.e'p)

reaction will be a benchmark study for all reaction processes involving large

energy transfer to the nucleus. Recent Bates and Saclay inclusive (e.e,)

results for the nuclear longitudinal and transverse response functions indi-

cate serious problems for the mean field description of nuclei. This has led

to a number of theoretical speculations, centering on short-range interactions

or upon dynamical modifications of nucleon properties. Limited data on the

(e.e'p) reaction from Saclay and NIKHEF at quasifree kinematics and from Bates

at kinematically mismatched conditions reinforce the expectation that system-

atic study of nucleon knockout reactions, which will become possible only with

CW beams, offers the best possibility for understanding the interplay between ,,

the mean field description summarized in the nuclear spectral function and the

short-range effects summarized in the two-nucleon correlation function. X

Supplementary neutron knockout and (e,e'NN) data will also be important for •}'

clarifying the reaction process. J

Pion electroproduction studies, (e.e'iT ) and (e.e'irN), wi l l address

questions on the formation and propagation of pions and nucleon isobars in the

nuclear medium. Exclusive coincidence measurements w i l l be used to emphasize

aspects of the A-nucleus interaction, such as channel and spatial dependence.

With polarized electrons, out-of-plane Ce.e'ir*) studies make possible a new
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response function sensitive to the interferences between resonance and

background amplitudes.

Compton scattering (y ,y) and coherent photoproduction (Y,TT°) in the A-

region are important in furthering our understanding of A-hole theory. The

photoproduction reaction is unique in being directly sensitive to the pion

wave function in the nucleus. Although not coincidence experiments, CW beams

are needed to reduce singles rates and carry these studies to kinematic

regions which are maximally sensitive to the underlying dynamics.

New approaches will be possible for the study of nuclear bound states,

(e.e'y) coincidence measurements will allow isolation of individual electro-

magnetic multipoles. These multipole amplitudes provide the most precise

characterization possible of the nuclear charge, current and magnetization

densities.

Coincidence (e.e'x) studies, with x = p, n, a, f will be used to

explore the structure of particle-unstable nuclear states. The kinematic

flexibility of electron scattering will be used to map the form factor for

production and decay into each channel. Out-of-plane detection of the decay

hadron with longitudinally polarized electrons will directly address the

separation of a resonance contribution from overlapping resonances or from

background of different multipolarity.

B. Internal Target Physics

The primary technical motivation for pursuing a physics program using

internal targets has been discussed in Section III.D. We will review briefly

hera some of the unique physics questions that such a program can address.
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An important part of this physics will be electron scattering from

polarized targets. As mentioned earlier, this will allow the separation of

individual electromagnetic multipoles. For example, very accurate measure-

ments of the tensor polarization in electron-deuteron scattering, allowing

separation of the CO and C2 charge multipoles, will discriminate between

nuclear models and test theories of isoscalar meson exchange currents. Such a

measurement at relatively low-q was recently carried out at Bates [Sc84] and

the results are shown in Figure 8. In this case the target was unpolarized

and the polarization of the recoil deuteron was measured instead. To provide

meaningful tests of the underlying theories, these measurements must be

carried out to higher momenta. The required accuracy is not likely to be

possible using unpolarized targets. In heavier nuclei, multipoles dominated

by such different effects as core polarization and meson exchange currents can

be similarly separated.

With polarized electrons in the ring and polarized hydrogen and deuterium

targets, fundamental measurements of hadron structure will be possible. The

most exciting of these would be the ol(e,e'n)p reaction which could provide a

good measurement of GJ3, the neutron charge form factor. This is up to now a

fundamental but poorly known quantity. The p(e,e')TTN reaction will provide an

accurate measure of the N»-A charge quadnjpole coupling. Both the neutron

charge form factor and the N*A transition are important tests of quark model

dynamics.

r



92

In summary, we see a strong physics motivation for the development of high

intensity CW electron beams in the energy range up to 1 GeV. It is the

natural culmination of developments over the last decade aimed at providing a

true coincidence capability. The technical aspects are well understood and

with timely funding, the unique opportunities for addressing fundamental

issues in nuclear science could be available before the end of the decade.
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FIGURE CAPTIONS

Figure 1. Layout of the beam switchyard and the experimental areas,

15«t,Figure 2. High resolution (e,e') excitation spectrum for Gd.

Figure 3. Bates Linear Accelerator Center CW upgrade facilities plan,

Figure 4. Layout of the Pulse Stretcher Ring components.

Figure 5. Beam at the extraction point immediately following injection. The
dashed area denotes the phase space occupied by the particles
during extraction. Also shown is the RF cavity aperture as it
would appear projected to the extraction-^.

Figure 6. Extracted beam intensity. Computer simulation of the extraction
process. Particles are shown binned in time intervals of 10 turns
(~10 ysec).

Figure 7. Machine functions of the complete ring. Also included are the uni-
form field (G) and gradient (K) mangetic field strengths.

Figure 8. Experimental results for the tensor polarization t2o [Sc84] and the
theoretical predictions [La80], [Lo68], and [Cr75].
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REQUIREMENTS ON INTERNAL TARGETS FOR THE ALADDIN STORAGE RING

R. J. Holt
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ABSTRACT

The feasibility of performing electron scattering experiments with

polarized targets in electron storage rings is explored by considering an

electron-deuteron scattering experiment at the Aladdin storage ring. I t is

noted that this new method is compatible with recent proposals for linac-

stretcher-ring accelerator designs. A new method for producing a polarized

hydrogen or deuterium target is proposed and some preliminary results are

described.

I. INTRODUCTION

Although there is great Interest in polarization phenomena in

electromagnetic interactions with nuclei, this area remains essentially

unexplored experimentally. The reasons for the interest are manifold, but

fall primarily into three categories: (I) much greater sensitivities to small

form factors, such as the electric form factor of the neutron, (li) allow

separation of elastic form factors for nuclei with spin > 1, e.g., the

deuteron, (iii) permit unravelling of multipole excitations of resonances in

nuclei and isolation of structure functions.

Unfortunately, the experiments are extremely difficult, and in most

cases, appear infeasible with present techniques. In this report we wish to

discuss a novel method which should provide accessibility to polarization

measurements in a broad range of interesting cases. Namely, we consider the

situation where a thin polarized target is located inside an electron storage

ring. There would be many advantages to this technique. First, one would

make very efficient use of the electron beam, and thus, the demand on the

electron injector is minimal. If the electron does not interact with the

target, it merely would circulate in the ring until an interaction would

occur; whereas, in the single-pass geometry the non-interacting electrons

would pass directly to the beam dump. Another important advantage is the

prospect of low background near a storage ring. At present, with storage

rings which operate below a few GeV in energy there is essentially no
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background. This is due to the fact that only ~10 electrons are in the ring /

at any given moment and if all were lost at once the radiation dosage would be

very small. However, the primary advantage of the method is that with large

circulating currents, one can consider much thinner targets than with the

single-pass geometry, and thus one can employ tensor polarized atomic beams as

targets. The primary advantage of polarized atomic beams over conventional

polarized targets, which is essential for the present discussion is that

tensor as well as vector polarized targets are feasible.

In the remainder of this talk we shall focus on the

electron-deuteron scattering problem which this method should render feasible,

bremsstrahlung losses and target thickness limitations, requirements on the

polarized source and spin-exchange optical pumping as a source c~ tensor

polarized deuterium nuclei.

II. POLARIZATION IN ELECTRON-DEUTERON SCATTERING

A fundamental problem in nuclear physics is the fact that the

electric form factors of the deuteron, charge Fc and quadrupole FQ, have never

been isolated in electron scattering studies. This -"coblem can be seen from

the form of the Rosenbluth formula for the cross section:

da da ... 2\ . n/ 2x . 2,6,.,_ > = [A(q ) +B(q ) tan (j))
. M

where

A(q2) - F2 -f I n2 F2 + | n F2, B(q2) « ± T,(1+T)) F2 ,

and -nr- is the Mott cross section. Here, neq /4M,j where q is the four-

momentum transfer and M^ is the mass of the deuteron. Clearly, only A and B

can be separated by cross section measurements, and thus, only F^ can be

isolated. One important question in e-d scattering is concerned with the

location of the first zero in the charge form factor of the deuteron. The

exact location of the first zero, expected near q~4 fm~ , is sensitive to the
1 2

deuteron model as well as the isoscalar meson exchange currents.

Unfortunately, the quadrupole form factor masks the location of the zero in

Fc, and thus, the location cannot be determined from a measurement of A(q
2).

However, a measurement of the teneor polarization in e-d scattering would

permit one to isolate the charge and quadrupole form factors. The expression



for t2 0 i s given in terms of X - - | n FQ/FC and Y • j r\ f(6) F^/F2, below:

t2Q - -(2) /2[X(X+2) + Y/2l/[l+2<X*+Y)]

where the dominant contribution to t2Q is from Fc and FQ for q<8 fm" , and

f O ) »V2+ (1+H) tan2(6/2).

If perturbative QCD is valid for the deuteron for q£5 fm as
q A

suggested by Brodsky and Chertok and, more recently, by Carlson and Gross,

then X+l as q2*00, and thus, one might expect t2Q+-(2)'
2 rather than a positive

value as predicted by the conventional meson exchange model. Of course, the

validity of perturbative QCD at such low values of momentum transfer is a

matter of current debate.5 Predictions for various models are shown in

Fig. 1. The two data points in the figure were determined6 with the use of a

deuteron tensor polarimeter in which the polarization of recoil deuterons from

e-d elastic scattering was measured.

A comparison among the expected counting rates is illustrated in

Fig. 2. The two points in this figure indicate the actual counting rates with

a polarimeter. The curve labelled Aladdin arises from the assumption that one

could employ the Aladdin synchrotron light source for these studies. Tests

will be performed at Aladdin as soon as it comes into operation in order to

determine the feasibility of performing an experiment in a synchrotron light-

source ring. The assumptions that are involved in this estimate are that the

circulating current would be 100 mA, a target thickness of 10** atoms/cm2, and

a solid angle of 75 msr. The primary difficulty of a synchrotron light source

is that the target thickness is limited to 10** atoms/cm2 by bremsstrahlung

losses and the requirement of long storage times (̂ 10 hrs.) The other curves

in Fig. 2 denote the expected counting rates if an internal target station

were commissioned at the proposed stretcher rings at MIT-Bates and CEBAF

(SURA). Here a target thickness of 4 x 1015 atoms/cm2 and currents of 40 mA

at 1.0 GeV and 100 mA at 4.0 GeV, respectively, were assumed.



III. REQUIREMENTS ON INTERNAL TARGET

Now that the prospective advantages of the internal target method

have been discussed, we shall turn to a discussion of the limitations imposed

on the target by the storage ring itself. In this section, the effects of

bremsstrahlung production, multiple scattering, and energy loss in the target

will be discussed. Also, limitations on the target imposed by apertures near

the windowless target and the ring vacuum will be explored. Clearly, the

synchrotron-light source rings impose the greatest constraints on the target,

since the storage times are typically several hours. Bremsstrahlung

production represents the largest loss mechanism for electrons in a storage

ring. For the Aladdin storage ring the circulation time TQ is 0.32 ys and the

storage time Ti /y should be ~ 10 hrs. •: Thus, the maximum target thickness for

deuterium in this ring is given by

T
n < 0.693 — = 2 — « 1014 atoms/cm2

bTl/2 . . .

where o^ is the bremsstrahlung cross section " 0.06 Z b. In a dedicated ring

for internal target experiments, where the electron beam need only be stored

for " 1000 turns, the target thickness limitation from bremsstrahlung losses

would be ~ 10 atoms/cm for Z = 1. Thus, a dedicated electron ring for

nuclear physics would be highly desirable.

Another consideration is the effect of multiple scattering on the

electron beam. In the case of a synchrotron light source such as Aladdin,

bramsstrahlung losses override the effect of multiple scattering. For the

Aladdin ring and a target thickness of 1 0 ^ atoms/cnr of deuterium, the

multiple scattering angle becomes' only 5 urad, and thus is negligible. The

effect of multiple scattering is alleviated by synchrotron cooling of the

beam. However, for a dedicated ring of, say, a storage time of 1000 turns and

an angular acceptance of the ring of 1 mrad, the deuterium target thickness
1 ft i ?would be limited to 4 x 10 atoms/cm . Thus, bremsstrahlung losses are the

primary limitation for a synchrotron light source, while multiple scattering

is a more important consideration for a dedicated ring.

A more stringent constraint on the target thickness would be due to

ionization loss of the target polarization. In order to estimate the polari- /

zation loss from ionization we will assume that if an atom is ionized then the

\
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polarization of the nucleus is lost. The ionization rate I^ is given by

Ij < pi E~ dE/dp, where p is the target density, dE/dp is the energy loss in

the target, Ie is the circulating electron current and E^ is the ionization ener,",y

of the target atom. With the choice of dE/dp - 2 MeV-ctn2/g, Ej - 20 eV and

Ij < 0.1 Ijf, where l£ is the rate at which polarized atoms in the target can be

replenished, the maximum luminosity SB is given by (g < 6 x 1O17I£/A cm"1s'1.

An atomic beam source which could provide 1 0 ^ polarized atoms/s would give a

luminosity limit of 6 x 10 3 4 A"1 cm"2 s~l. It is expected that polarized

atoms could be replenished at rates in excess of 10iO atoms/s with optical

pumping techniques which will be described later. At present it would be

difficult to fabricate a low-A target which could attain this luminosity

limit, but it might very well represent the limitation on target thicknesses

for A £ 100. Note, that the luminosities for experiments discussed in the

previous section do not exceed 2.4 * l o " cm"2 s , and thus, ionization

losses do not limit any of these experiments.

Apertures near the target region could interfere with the stored-

electron beam. These apertures could either be in the form of orifices in a

storage bottle to allow the electron beam to pass cleanly through or in the

form of a nozzle and collector for a jet target geometry. In estimating the

minimum size of an aperture, we will assume that electrons which strike the

area around the orifice are lost. Clearly, the aperture size governs the

storage time T^i^ of the electron beam according to the expressions:

rl/2 0.693 Trt/P

X

- / dt

where we have assumed that the electron-beam shape is a gaussian and x is the

half-size of the aperture in standard deviations of the beam size. We find

that Tj/2 is changing rapidly near x = 6 standard deviations, i.e. for x = 5 ,

Tl/2 " 10~* h r s a n d f o r x * 7» Ti/2 " 2 0 h r s* Thus, the full aperture size

should be >12 standard deviations. Since the storage time is so sensitive to

the aperture size, the same rule approximately would apply to a target in a

dedicated ring as well as a synchrotron light source. In the case of the

Aladdin storage ring, ax is expected
8 to be 0.5 mm and a , 0.08 mm. Thus, we

have chosen a circular aperture of 7 mm in diameter for conceptual design



purposes. Moreover, these apertures must move totally out of the beam during

tuning and filling of the ring.

The final requirement on an internal target is that the ring vacuum,

typically £10"' torr, be restored in as short a distance as possible from the

target position. This requires the target to be buffered from the ring by

differentially-pumped vacuum systems. As part of the feasibility study, a

system of this type was designed for the Aladdin storage ring and is shown in

Pig. 3. Conventional and commercially-available vacuum pumps were used

throughout the design. The pressure as a function of distance from the target

is calculated and indicated in the figure. One meter from the target the

pressure should be restored to the 10"'-torr value.

IV. TARGET DESIGN CONSIDERATIONS

In the following conceptual design for an internal target, we shall

consider a storage bottle which is replenished continuously with polarized

atoms from an atomic beam source. In addition, we shall consider a tensor

polarized deuterium target which could be employed in the Aladdin storage

ring, i.e. a thickness of 10*^ atoms/cm . Moreover, we will assume a

spherical storage bottle of 10 cm diameter and two 7-mm orifices which permit

the primary electron beam to enter and exit from the target chamber. The

target density in the bottle would be 10 atoms/cm . Then, the atoms would

leak from the storage bottle at a rate of 4 x 1017 atoms/a at T«500eK or

8 x 10 6 atoms/s at T»20°K. An atomic beam source must supply polarized atoms

at this rate to the bottle. Unfortunately, a conventional atomic source

operating at room temperature could provide only 3 x 10*° atoms/s. It is

expected that a low temperature atomic beam source would provide

£ 10 ' atoms/s at T»20°K. Two groups',^ are attempting to provide polarized

atomic beams of hydrogen from this kind of source. Another method which has

the prospect of achieving 10 '-10*' polarized atoms/s is spin-exchange optical

pumping. We shall consider the latter method in detail since it has

implications not only for the Aladdin storage ring but also for a dedicated

ring for nuclear physics.

Bhaskar et al. recently demonstrated nuclear polarization through

spin-exchange optical pumping by polarizing ^ 9 X e , atuj this method was more
19

recently discussed by W. Happer. In order to understand how the nuclear
"



polarization arises from spin-exchange collisions and how many polarized

photons are necessary to produce a high degree of polarization, we will

consider the simplest case, i.e. Nat + H+ + Na+ + Ht where the Na atom is

polarized by optical pumping. The proton in hydrogen is polarized by

successively polarizing the electron and allowing the hyperflne interaction to

act between each collision. In the basis of the proton and electron spins

m me> the four states of the hydrogen atom are written as:

n H •cb
5cd

•da 1/2

1/2,

with no external field. The spin-exchange collision changes only the electron

spin and induces the transitions shown at the right. The hyperfine

interaction then remixes states b and d. The populations of the four states

can be written as recursion relations as a function of the number of spin-

exchange collisions, n:

Na(n-1) Pba Nb(n-1) + Pda Nd(n-l)

- Pba) Nb(n-1) + Pcb Nc(n-1)

" Pcb " Pcd> Nc(n-1)

Nb(n) =

Nc(n) =

Nd(n) * (1 - Pda) Nd(n-1) + PC(J Nc<n-1)

where P^j are the probabilities of transition from state i to j during a spin-

exchange collision. The proton polarization after n spin-exchange collisions

is given by

where

p(n)
N. - N+
N, + N+

N+(n) - Na(n) + l/2[Nb(n) + Nd(n)] and

N_(n) - Nc(n) + l/2[Nb(n) + Nd(n)]

The deduced proton polarization as a function of the number of spin-

exchange collisions and with P^, « 1/2 can be shown to be



p(n)

This means that very few spin-exchange collisions, and consequently polarized

photons, are necessary to polarize the proton.

When the same analysis is performed for deuterium the result is not

easily reduced to a simple form, but it is straightforward to follow the

vector polarization 1/2(3/2) ' (N+l - N.^) and the tensor polarization

t_0 » (1/2) (1 • 3 N ) as a function of the number of spin-exchange

scatterings. Here, the N ,s refer to the population of the three magnetic

substates of the deuteron. The results for t^g a n d fc20 a r e s^o w n i n *"ig. 4.

For a given Na atom polarization, only £ 5 scatterings are necessary to obtain

essentially the maximum polarization of the deuteron. M. Green has

described1 a more detailed model of the polarized source.

With the assumption that 5 spin-exchange col l is ions are necessary to

polarize deuterium one can determine that 2 watts of laser power at the Na Dl-

line is necessary to produce 4 * 10 polarized atoms/s. This is a reasonable

power output of a single CV dye laser. Furthermore, i t i s reasonable to

expect that 20 watts of power could be employed to optically pump Na and one

may achieve 4 x 10 polarized atoms/s.

The density and thickness of alkali atoms that must be optically

pumped can be estimated if we consider the process to take place in a tube of

length I, diameter 2a and one end open so that the polarized atoms can flow

from the c e l l . The laser beam i s directed toward the mixture of Na and D

atoms in the ce l l from the direction of the opening in the tube. Then, the

density nNfl of Na necessary to polarize the deuterium is given by

N

Na
se

4 Ac
se

0 8&
8a' + 3£)

where N g e Is the number of spin-exchange collisions that deuterium atoms

undergo with Na atoms in the cell and age is the Na-D spin-exchange cross

section which is taken** to be 10"** cm . If we take I - 5 cm, a * 2.5 mm and

N g e «= 5, then the Na density is 2.9 x 10 atoms/cm3 and the thickness is

1.5 x 10^3 atoms/cm^. These values are consistent with Na densities and

thicknesses that have been optically pumped" with high polarisation and

without a buffer gas or special wall coatings. An important consideration for



\ the experiments considered here is the amount of contamination of the host Na

atoms. The ratio of the Na density to that of deuterium is given by

4- 2
n., 12ira v_.N
Na D se

nD £La (8a + 3£)
se

2

where L is the intensity of the incident polarized photon beam (note that

1 watt corresponds to 3 x 101® photons/s at the Na Dl-line) and v^ is the mean

speed of deuterium atoms in the laser cell. For the tube dimensions discussed

above and a 2 watt laser beam, this ratio turns out to be 0.9%, a reasonably

small value.

An additional advantage of the spin-exchange method is that all

dissociated deuterium atoms are used in the source. In the conventional

atomic beam source most of the atoms are rejected by the small acceptance

(~l-10 tnsr) of the hexapole. The novel atomic beam source requires a far less

imposing vacuum system, an essential advantage for internal targets in storage

rings, and a less elaborate rf dissociator system. However, since every atom

passes through the source, one must maintain a high dissociation efficiency.

A dissociation efficiency of 97% with an atomic beam rate of 10*° atoms/s has

been achieved*** routinely at the Los Alamos National Laboratory and represents

an ideal development for the proposed atomic beam source.

Interactions with the walls represent a major concern for all

schemes of polarized target development. With the geometry for a polarized

target suggested here, the atoms have approximately 900 wall collisions before

leaking out of the target cell. Although a depolarization probability of

<10"3 has been observed^ for polarized hydrogen on teflon walls, nothing is

known of the depolarization probability for other surfaces. With deuterium

atoms, we are concerned not only with the depolarization probability, but also

the recombination probability. Already, some information***. is available

for the recombination coefficient for hydrogen and deuterium atoms and is

summarized in Fig. 5. A number of surfaces exhibit a minimum in the

recombination probability near a temperature of 150° K. If the depolarization

probability is also small at this temperature, then it might be the ideal

temperature region to operate a storage bottle for polarized hydrogen

targets. Unfortunately, the properties of teflon are not known as a function

of temperature but, at present, teflon or teflon-like wall coatings hold the

most promise for storage bottles.



A prototype of a polarized deuterium target which employs the spin-

exchange method is being developed at Argonne and is illustrated in Fig. 6.

In this scheme the target polarization can be detected by the D(*He,p)^He

reaction. A 625-keV *He beam was incident upon the gas stream of deuterium

atoms and the ~ 14-MeV protons were counted in Si surface-barrier detectors.

At the 3/2'*" resonance this reaction exhibits a 0.7-b cross section*" and

maximum analyzing power21 for t20, and thus, is ideal for the study of a thin

tensor polarized deuterium target. The Helmholtz pair was used to maintain a

field of ~4 gauss near the target, and consequently, to provide a polarization

axis for the spin states of deuterium and Na. The laser cell was heated by

forced air to ~500°K in order to vaporize the Na. In a preliminary test we

have achieved a 2:1 signal-to-background ratio for observing the D( He,p) He

reaction and we have observed 10 mW of absorbed laser power which was driving

the spin-exchange reaction of Na with D atoms. This corresponds to only

10 polarized atoms/s flowing through the He beam and would fall below our

detection threshold. The major problem during this test was a poor

dissociation efficiency, and presently, we are developing a reliable

diagnostic for dissociation efficiency before resuming further studies.

V. SUMMARY

We have demonstrated conceptually that polarized internal targets in

storage rings should be a powerful method for the study of nuclei.

Furthermore, this method should be compatible with the recently-proposed

linac-stretcher ring accelerator designs of MIT and SURA. At present, laser-

driven polarized targets appear to be a very promising technology. Optical

pumping combined with spin-exchange scattering should provide an even larger

array of polarized targets that will benefit from laser techniques.
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Table I Polarized Internal Targets in Development or Operation

Type of Target Nuclei Institution Target Thickness
Expected

Conventional atomic H,D
beam (cyogenically
cooled)

Storage Cells H,D

Low-temperature H,D
high field storage
cell

Spin-exchange ", H,D.N,..etc.
optical pumping

Spin-exchange Noble Gases
optical pumping

Optical pumping of
alkali vapors

Optical pumping of
alkali vapors

Optical pumping of
rare earth jets

Optical pumping

Li

Cs

Eu

3He

CERN (SPS)
ETH, Zurich

Wisconsin

BNL-MIT (AGS)

ANL (Aladdin)

Princeton

Bell/MIT
Rutgers

Princeton

ORNL

I.E.N.S. (Paris)

5xl012-5xl013

atom/cur
(Objective)

10 U-10 1 5 atom/cm2

(Objective)

1014 a torn/ cm2

(Objective)
(Pulsed)

101 4-101 5 atom/cm2

(Objective)

1019 atom/cm2

(Lab Demonstration
for Xe)

1015 atom/cm2

(Operational target)

1016 atom/cm3

(Lab Demonstration)

1015 atom/cm2

(Objective)

1018 atom/cm3

(Lab Demonstration)
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Laser Production of Polarized Alkali Vapors
D. E. Murnick

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

I. Introduction

Methods of laser optical pumping suitable for producing polarized nuclei for targets in

nuclear structure physics experiments have been developed in the past few years. Theory

and experiment are most advanced for the alkalis though many of the results obtained are

more generally applicable. In any case the alkalis are important for several specific

experiments, and spin exchange with polarized alkali atoms has been proposed as a general

method for the production of polarized nuclei of any Z.

Polarization of atomic nuclei by means of optical pumping effects was considered

shortly after the initial work of Kastler.1 For the simple "three" level system of figure 1

illuminated with circularly polarized resonance light of intensity I and frequency o> the

pumping rate R is given by

R-fp

where <r is the optical absorption cross section and p is the branching ratio

(1)

r, + r, '
(2)

Fj is the radiative decay rate to the state j . If T is the relaxation time of state 1 to state 2

the equilibrium polarization P is given by

P -
N, RT I/lop

N, + N2 " 1 + RT 1 + I/I,
(3)

with Nj the population of state j and Iop defined as tlu/paT. This simple relationship is

qualitatively correct for multilevel systems as well.



As important real case of nuclear polarization, that of 6Li is illustrated in Figure 2.

The absorption of right circularly polarized light leads to a transfer of atomic population to

that Zeeman sublevel which cannot absorb the light. Thus 6Li having nuclear spin I ™ 1

can be polarized in the (F, MF) (3/2, 3/2) state which implies Mj •• 1. Reversing the

sense of polarization of the light leads to populating the MF — —3/2 level with Mj — — 1.

The power and wavelength tunability available with dye lasers allows one to resolve the

hyperiine splitting of any of the alkalis first resonance transitions and to achieve continuous

wave pumping rates R as large as spontaneous decay rates for natural line width

absorption. In a vapor cell, however, absorption widths y are Doppler broadened to A due

to the Boltzmann distribution of velocities. A laser of wave vector k detuned by an amount

6 from the atomic center frequency will only interact with those atoms in a narrow velocity

range centered at v, such that k-v, — 5. In the absence of power broadening the fraction of

interacting atoms will only be of order 7/A or ~-10~2.

At high laser intensities a larger fraction of the Doppler distribution can be accessed

with a single laser, but to achieve full coverage requires that

I > J_ fcd 1 kuA/Sr
P P °Dopp rtr "YH

where the Doppler broadened absorption cross section is given by:

(4)

Dopp (5)

and rtr is the transit time of the atom through the laser beam. For a typical alkali Ipb

turns out to be > 30 W/cm2.

A multimode laser tailored so that the Doppler distribution is uniformly pumped is

obviously a more efficient way to achieve full coverage, however, the engineering of such a

laser presents a difficult technical challenge.



II. Laser Optical Pumping with Velocity Changing Collisions

We have developed a technique2 in which efficient optical pumping with complete

Doppler coverage is achieved by means of velocity changing collisions induced by trace

amounts of buffer gas. These collisions also decrease the rate at which optically pumped

atoms reach the walls, and hence increase the average laser-atom interaction time.

Schematically, atoms are rapidly pumped when at the resonant velocity, and because the

velocity changing collision rate is high, every atom will pass through the resonant velocity

during its diffusion through the laser beam. In this case the pumping rate R' is given by

R'
Hwp

(6)

The effective optical pumping saturation intensity I'op is given by

R'T' s I/I'op (7)

where T' is the diffusion time. The equilibrium polarization is then

P - 1/(1 + I'op) (8)

Since

Ha
op (9)

and T' is proportional to the buffer gas pressure p, attaining a given μ^arization P requires

a constant value of IP. This method is effective because the spin polarization is essentially

uneffected by vcc collisions allowing a large polarization to build up. For a typical pressure

of 1 torr with diffusion constant —100 cm2/seCi I'op is only —
1 mw

where A is the beam1 op ™ ——j j .

area. One torr is a reasonable buffer gas pressure as can be estimated from the condition

rvcc T > M » l (10)



where M is the number of collisions necessary to achieve velocity coverage in a time T. If

M is — and — — D/R2 where D ~ •— u2/Tvcc with rvcc - No u <rvcc one obtains
7 n * $

~~ R^vcc
(11)

For ffvcc — 50A2, R ~ 0.2 cm, M — 1000; N > 2x10'Vein3 or about 0.5 torr.

The first case in which these ideas were experimentally verified was in 23Na vapor • an

important polarized target for spin exchange with light ion beams. The situation for

optical pumping on the sodium Dl line (X — 589.6 nm, T — 16 nsec) is complex because

the ground state hf structure is large, giving rise to two pairs of Doppler broadened hf

transitions split by 1772 MHz (ku — 910 Mhz at 121 *C). Pumping at either the F - l or

F e 2 peaks leads to transfer of atoms from that ground state to the other one (F pumping).

By tuning midway between the transitions, however, both ground state velocity distributions

can be pumped simultaneously. In this case circularly polarized radiation can orient atoms

in the F~2, MF~2 ground hf state (MF pumping). Typical data are shown in figure 3. In

these two laser pump-probe experiments, the intense laser is held at a fixed frequency while

the weak probe field is tuned through the Dl resonance. Both beams are right circularly

polarized, propagate in the same direction and overlap. The pump frequency is indicated

by the arrow. As the Na population is pumped into the inaccessible F™2, MF—2 state, the

probe transmission approaches 100%. In the lowest trace, the buffer gas pressure was so

low that incomplete velocity mixing can be seen as indicated by the residual narrow feature

("lamb dip") when pump and probe frequencies are identical.

Details of the vec process are best studied in this low pressure regime as indicated in

figure 4 which shows the probe change signals obtained in a series of measurements with j

I - 11 mW/cm2 and p—265 mtorr of argon. The progression of the traces, taken by



stepping the pump laser frequency through various intervals, shows the results of

simultaneously pumping the F~2 and F~l ground states to various extents, starting with

F~2 only (top), progressing to approximately equal pumping of F~=2 and 1 components

(middle), and finally interacting primarily with the F™1 level (bottom). As can be seen,

the interplay of F and M F pumping can lead to change signal lineshapes with both positive

and negative portions. The broad vcc-thermalized background predominates, accompanied

by a small residual narrow feature. The far right-hand column shows this feature in an

expanded scale. The left-hand column gives the results of a model in which the Dl

transition is approximated by a 4-lcvel system and complete velocity thermalization is

assumed. The theory was fit to the data by varying R (which depends on the diffusion time

T), and fixing the absolute frequency of the pump laser within the range of experimental

uncertainty. Excellent agreement of both iineshapes and amplitudes for all the data was

obtained for T — 270 μs, in reasonable agreement with the measured diffusion coefficient.

Figure 5 shows the fractional polarization as a function of the natural variable I-p. The

solid curve is based on our theoretical model. Note that polarizations approaching 100%

are achieveable with modest laser power (—100 mW) at a few torr buffer gas pressure.

Figure 6 shows the same type of data for anoiher alkali we have studied, 6Li.

HI. Optically Thick Targets

The model and experiments described above must be somewhat modified for the case of

optically thick targets, e.g., at » 1 where a is the optical absorption coefficient. As light

is absorbed throughout the sample length:

(12)

the change in laser intensity is



(13)

To first order, it is sufficient to have enough laser power so that Io — AI » Iop, that is

there is sufficient power to optically pump throughout the sample. Other physical effects

become important, howler, which are difficult to analytically model at this time. These

effects include radiation trapping, fine structure mixing, and laser induced chemical effects.

Radiation trapping causes depolarization as fluorescent photons of the wrong

polarization are reabsorbed by polarized atoms changing their MF quantum state. This

effect can be minimized somewhat geometrically, by utilizing long thin samples, so that the

optical depth in the transverse, depolarizing direction is decreased.

A second method to decrease radiation trapping depolarization is by use of a molecular

buffer gas. Molecules can non-radiatively quench excited alkalis elminating resonant

fluorescent photons. As the primary optical pumping polarization is via depopulation of the

ground state, possible spin deorientation in the buffer molecule alkali collision is not

serious.

Figures 7 and 8 dramatically illustrate this effect for the case of 6Li. In this

experiment two lasers were used in a pump probe arrangement similar to the Na

experiment. The two absorption peaks observed are due to the fine structure separation

(10 GHz); the hyperfine splitting of 228 MHz is unresolved. In each case the curve

labeled "a" determines the 6Li optical thickness, "b", "c", and "d" illustrate the optical

pumping effect. Note the higher degree of optical pumping (less absorption) using H2 as a

buffer gas. Molecular hydrogen is equally as effective as He for velocity changing

collisions but, in addition, cuts down significantly on radiation trapping depolarization. J

Curve "d" for H2 shows another effect, an apparent decrease in total Li density as



evidenced by the reduced absorbtion on the D2 line at very high pump laser intensity. This

is believed to be due to enhanced chemical reactivity of excited state Li with H2 relative to

the ground state.

Figure 9 shows data for some of our thickest samples, ~1014/cm2, in which polarization

exceeding 0.9 was obtained. These samples are now being used as polarized targets in an a

fusion reaction 6Li (a,Y)10B to study parity non-conservation in the strong interaction.

IV. Summary and Outlook

Laser optical pumping is an efficient proven technique for producing polarized alkali

vapors. Targets of thickness exceeding 10,4/cm2 with polarizations greater than 90% have

been produced. Vector polarization can easily be reversed by reversing the circular

polarization of the pumping light. The alkalis are important as primary targets e.g., 6Li, as

well as for charge or spin exchange targets to polarize other ions.

The physics of the laser optical pumping polarization process can be applied to other

systems3 including hydrogen (provided suitable lasers are available) and 3He. Ionized

extracted ions from polarized vapors may be useful sources of polarized beams in many

cases as well. Work in this area is proceeding at several laboratories in N. America,

Europe and Asia and I am confident that several laser polarized targets will be "on-line"

within the next few years.
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FIGURE CAPTIONS

Figure 1. Optical pumping of a three level system. R is the pumping rate, T, and T2 are

radiative decay rates, and T is the 2-1 relaxation time.

Figure 2. Atomic level diagram for 6Li and relevant Zeeman levels for optical pumping

with ff+ light to the y> y state.

Figure 3. a) b) and c) Probe absorption at 2 3Na Dt transitions for 2.0 torr Ar buffer

pressure at various pump beam intensities, d) 0.2 torr AΓ. Double arrows mark the

frequency of the pump laser; the single arrow in d) indicates the residual saturation

feature.

Figure 4. Probe absorption change signal in units of probe intensity Ip. The pump

intensity was 11 mW/cm2 at 265 mtorr Ar. The horizontal axis is the detuning of the

probe frequency. Data is shown for several values of pump frequency detuning. The

vertical scale of the far right-hand column is 5x expanded.

Figure 5. Relative population of the F*"2, MF-2 hyperfine level of 2 3Na as a function of

I*p in mw/cm2 torr.

Figure 6. Same as figure 5 for the F-3/2, MF-3/2 hyperfine level of 6Li.

Figure 7. Laser absorption probe of optical pumping of thick 6Li vapor in He buffer gas.

Figure 8. Same as figure 7 using H2 buffer gas.

Figure 9. Laser absorption probe of thick 6Li sample (n£ > lO'Vcm2) illustrating high



polarization achieved with 250 mW absorbed power centered on the Dl transition.
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DEVELOPMENT OF OPTICALLY PUMPED POLARIZED JET TARGETS
FOR USE IN HEAVY-ION REACTION STUDIES*

C. E. Bemis, Jr., J. R. Beene, J.L.C. Ford, Jr.,t
D. Shapira, and B. Shivakumar§

Physics Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

The development of a laser optically pumped nuclear spin aligned
target of 151,153]gu ±s outlined. The current status of this project,
together with the unique "macroscopic" heavy-ion reaction physics
that may be addressed using this target, is given.

I. INTRODUCTION

Polarized beams and/or targets can provide sensitive tests of heavy-ion

reaction mechanisms, and as demonstrated with polarized 6Li and 7Li beaas,1*2

the polarization observables are dominated by quadrupole effects. The most

dramatic polarization effects involve entrance-channel phenomena which are

connected to the change in spatial overlap between target and projectile as a

function of alignment for a given impact parameter or trajectory. Although

not performed with polarized targets/projectiles, subbarrier and near-barrier

heavy-ion reaction studies have clearly demonstrated the influence of target

static quadrupole deformation on fusion cross sections3 »** and on fusion-

fission cross sections.5 These particular experimental examples (Refs. 3-5)

used near-spherical heavy-ion projectiles (160, 3 2 S , ̂ A r ) and targets of the

Sm isotopes, which range from spherical ll+1*Sm to deformed 15**Sm, to investi-

gate the effects. Near-barrier fusion reactions depend upon the subtle inter-

play between the repulsive point Coulomb interaction and the attractive

nuclear interactions which, in turn, depend on the spatial overlap of the

target and projectile nuclear density distributions. For fixed projectile

energy, thus fixed distance of closest approach from Coulomb interactions, the

spatial overlap, averaged over all target orientations, is largest for the

more deformed target. This simple classical idea explains to first order the

larger fusion cross sections observed for the more deformed target (i5**8m), as

illustrated in Fig. 1. Stokstad and Gross6 have performed an analysis of the
1 60 + Sm results and have estimated the large increase in sensitivity that

would be realized if the 1 60 + 15**Sa experiment could be performed at fixed

t
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energy, but as a function of target orientation. This dramatic example, shown

In Fig. 2, illustrates one of the advantages in "macroscopic" heavy-ion reac-

tion studies if polarized targets could be used. Subbarrier fusion cross

section calculations for the
 1 6

0 +
 1 6 5

Ho reaction, which is similar to the

16Q + 15<tgm reaction, have recently been performed by Jacobs and Smilansky
7
 as

a function of polarization. The effects predicted by Jacobs and Smilansky

are smaller than those predicted by Stokstad and Gross, although approxima-

tions were made in both calculations. Further theoretical work is required.

Effects, such as those illustrated in Fig. 2, have prompted us to develop a

polarized target for use in the heavy-ion physics program at ORNL. Design

considerations, laser development, mechanical construction, and implementa-

tion, together with some of the additional physics addressable when polarized

targets are used, are given below.

II. THE ORNL SUPERSONIC GAS-JET TARGET

The polarized target developmental efforts are based on a windowless

supersonic gas-jet target which had previously been constructed to facilitate

high resolution heavy-ion physics experiments with gaseous targets.
8
*

9
 This

target assembly has been completed and installed as a replaceable unit of the

scattering chamber of the Enge split-pole magnetic spectrometer located on

one of the tandem accelerator beam lines at the Holifield Heavy Ion Research

Facility (HHIRF) at ORNL. The target incorporates four stages of differen-

tial pumping which allows tandem beam line pressures to be maintained below

3 x 10~
8
 torr under experimental conditions, while the pressure in the target

region is ~50 torr. For gaseous targets (N
2
, Ar, Xe, etc.), target thicknesses

ranging from fractions of a μg/cm
2
 to ~30 μg/cm

2
 have been achieved in high

resolution heavy-ion reaction experiments at HHIRF.
10
 Sliding seals on the

inner and outer sections allow the target exit aperture and the Enge split-

pole spectrometer entrance slits to be positioned within the angular range

0° - 0 < 35°. Schematic views of this gas-jet target are shown in Figs. 3

and 4. Additional details may be found in Refs. 8 and 9.

III. THE ORNL OPTICALLY PUMPED POLARIZED TARGET

Based on the supersonic gas-jet target described briefly above in Sec. II,

plans to implement a polarized version at ORNL were developed in 1982. Only

two experiments have ever been performed with polarized targets,
11
 other than



for hydrogen, in low-energy nuclear and heavy-ion physics with charged-

particle beams. Charged-particle beams, especially heavy-ion beams, have

large stopping powers in target matter, and the relatively large energy

deposit poses severe limitations for polarized targets oriented by cryogenic

methods. As an illustration,
 3
He-'*He dilution refrigerators have typical

"refrigeration powers" of ~1 μW at 7 mK; this is equivalent "in heating power"

to the passage of ~70-pA beam of 100-MeV
 1 6

0 ions through a self-supported

10^g/cm
2
 rare-earth target. Polarized gas-jet targets, with nuclear orienta-

tion achieved dynamically via laser optical pumping, overcome the beam-heating

problems associated with targets oriented by low-temperature methods.

Europium was chosen as the target species for development of the opti-

cally pumped polarized target and is a particularly favorable case for optical

pumping'-
2
 since the atomic ground state, ^$7/2* ^

ia8
 near-spherical symmetry.

This tends to reduce the relaxation and, hence, a loss of alignment due to

collisions. Other attractive features of Eu are the presence of only a few

low-lying excited atomic states and the small hyperfine splitting of the

ground state. Our intent is to pump the entire hyperfine structure multiplet

of the
 8
S7/2~y

 8 p
5/2 resonance transition in Eu at 466.3 nm (T ~ 5 nsec) with

linearly 0 0 polarized light. Nuclear orientation is achieved via "depopula-

tion pumping." We choose the quantization axis, upon which the orientation

is measured, to be in "photon frame" and is the polarization vector (E) in the

case of optical pumping with linearly polarized (n) light. In our experimen-

tal geometry (see Figs. 5 and 6), the polarization vector E lies in the hori-

zontal nuclear reaction plane. Rotation of the polarization E vector in this

plane, and hence the quantization axis for the nuclear spin alignment, is

easily accomplished using a half-wave polarization rotator appropriate for

466 nm photons.

The nuclear spin alignment is conveniently described by orientation

parameters,
1
-

3
 B

K
(I), which are related to the the populations W(Mj) of the

nuclear magnetic substates by:

B
K
 - I WCMiX-l)

1
"

1 1
! (21 + 1 )

1 / 2
 C I M t - M

r
|KO> .

"I

These parameters are the Q • 0 components of the normalized statistical ten-

sors or state multipoles, % Q ( I ) , commonly used to specify alignment in the

general case. In our coordinate system and pumping geometry, only the Q - 0
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components are nonvanishing. For both stable Isotopes of Eu,
 1 5 1

Eu and
 1 5 3

Eu,

the nuclear spin, I, Is 5/2; only the even rank orientation parameters B2 and

B4 are needed to completely describe the alignment (Kg,^ » 21), since the sys-

tem is axially symmetric and invariant to the reversal of the quantization

axis.

Extensive optical pumping calculations have been done for the Eu system

using the computer program RATES.
11
* The complete set of coupled differential

equations is solved to obtain the detailed time evolution of the coupled

(F « I + J) density matrix. The rate equations include the effects due to

both ground- and excited-state relaxation;, laser linewidth, and a realistic

atomic absorption profile. The nuclear density matrix can be projected from

the coupled matrix at any time. Although the effects of the beam plasma due

to the passage of the heavy-ion beam remain unaddressed, ground-state relaxa-

tion effects are expected to be unimportant in the near-collisionless domain

expected in the gas jet. The time evolution of the nuclear orientation in the

target is shown in Fig. 7, for optical pumping of the y
 8
P5/2 level with both

linearly (it) and circularly (cr) polarized laser light, to illustrate the

effects. The orientation parameters, B
2
 and B^, have been projected from the

alignment tensors of the coupled nuclear-electronic system (done by RATES).

One notes from Fig. 7 that nearly ideal alignment conditions are reached in

about 15 μ8 for optical pumping of the
 8

Sy M •*• y ^^5/2 transition with

linearly polarized (it) laser photons for our choice of pumping conditions.

Figure 8 shows the associated expected steady state populations of the mag-

netic substates in the F • 6 ground-state hyperfine level, the absolute popu-

lation of which has also been indicated. Again, the quantization axis is

chosen in the "photon frame," i.e., the polarization vector (E) in the case of

optical pumping with linearly (it) polarized light and the propagation direc-

tion (k) of the laser in the case of optical pumping with circularly (a)

polarized light.

Considerable laser development to efficiently pump the relatively broad

hyperfine structure manifold for both isotopes (Af «• 5 GHz) with one broadband

CW laser has been completed. These developments include tailoring the laser

output bandwidth to match the approximately Gaussian absorption profile for

the transition without "holes" in the output spectrum. A magneto-opto gal-

vanic lock and stabilization technique is used to provide laser stability at

the center of the absorption profile.
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Most polarized target hardware has been designed and constructed, and our
developmental efforts are currently centered on the construction of the high-
temperature components of the gas-jet target that are required for vapor Eu.
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Fig. 1. Fusion cross sections for the 1 60 + l^8.150,152,154Sm
reactions as a function of 1 60 bombarding energy (from Stokstad et
al., Refs. 3, 4, and 6). For fixed bombarding energy (distance of
closest approach), cross sections for 15l+Sm are largest due to the
larger nuclear density spatial overlap between target and projec-
tile due to quadrupole deformation.
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Fig. 2. Calculated fusion cross sections for 1 60 + 15l*Sm at
fixed *60 energy (Eiaj, » 60 MeV) as a function of the orientation
of the symmetry axis of the nuclear density distribution for *5

(Ref. 6).
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1. INTRODUCTION

A new atomic beam type polarized alkali ion source has been in-

stalled at Heidelberg. In order to improve the beam polari-

zation considerably optical pumping is applied in combination

with an adiabatic medium field transition which results in

beams in single hyperfine sublevels. The m state population is

determined by laser-induced fluorescence spectroscopy. Highly

polarized beams (P > 0.9, s = z, zz) with intensities of 30 to
s + +

130 yA can be extracted for Li and Na , respectively.

f

2. THE ATOMIC ALKALI BEAM SOURCE

A schematic view of the ion source is shown in fig. 1. A thermal

atomic beam is produced by an oven and a system of collimators.

The atoms are electron spin polarized by passing through the in-

homogeneous magnetic field of a quadrupole magnet. Nuclear spin

polarization is produced by a system of high frequency tran-

sitions. A weak field transition and two 2-level transitions are

used. The transitions work in a slight gradient of the static

magnetic field according to the adiabatic passage method. The

radio frequency is set to 8 MHz for the weak field transition,

for the 2-level transitions it is about 1 GHz and 2 GHz for Li
23

and Na, respectively. The rf fields are produced by tuned

cavities based on A/2 or A/4 resonators. The nuclear spin

polarized atomic beam is ionized at the surface of a hot tungsten

strip. Surface ionization of alkali beams to positive ions takes

place with nearly 100% efficiency. The ionizer is operating in a
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transversal magnetic field of about 2 kG to decouple nuclear and

electronic spins. Typical values of polarization and intensities

of alkali beams achieved are listed in table 1.

3. PRODUCTION OF POLARIZATION BY OPTICAL PUMPING

2

To enhance the figure of merit P I of the beam by a factor of 2

the alkali atoms are optically pumped by a tunable single-mode

dye laser in front of the separation magnet. The beam is illu-

minated by right hand circularly polarized resonance light at

normal incidence. In successive excitation cycles the atoms

are transfered in the hyperfine sublevel with maximum m value.

The laser power is about 50 to 100 mW. The hyperfine splitting

of the ground state does not permit simultaneous excitation of

F = l and F = 2 . In the case of sodium this splitting is

1772 MHz and for lithium 803 MHz. The D-^ transition F = 2 -*

F, = 2 is chosen for the pumping process., The beam finally

consists of atoms in state |F=2, m =2> and those with F = 1,
r

mp = 1, 0, - 1. The latter are separated in the quadrupole

magnet. To allow switching of the beam polarization the magnet

is followed by a 'medium field transition1 which was developed

on the basis of the adiabatic weak field transition. At

magnetic fields B/B ^0.1 the spacing between adjacent levels

is unequal. For a static magnetic field with a negative gradient

along the beam axis transitions between states |2 2> -> |2 m >

are induced at fixed radio frequency just by setting different

static fields. This transition works nearly perfect. Each state

is populated to more than 95% at the corresponding magnetic

field. For polarization and beam intensities of optical pumped

beams see table 1.

4. DETECTION OF NUCLEAR POLARIZATION IN THE ATOMIC BEAM

The polarization of the lithium and sodium beams is monitored

by a second single-mode dye laser. In a strong magnetic field

(B = 2 kG) which removes the degeneracy of the mp - levels the

atoms are excited with lineraly polarized light. From the laser



induced fluorescence light as a function of laser frequency it

is possible to deduce the m - state occupation probabilities

directly. This diagnostics has been proven to be a very helpful

tool for setting the source parameters.

7Li

23Na

7Li

23Na

Current
(UA)

35

130

Current
(PA)

18

65

CONVENTIONAL SOURCE

Pz

0.48

- 0.31

0.48

- 0.31

Polarization
Pzz

+ 0.48

-

+ 0.48

-

OPTICAL PUMPING

Pz

+ 0.95

+ 0.95

Polarization
Pzz

+ 0.95 +

+ 0.95 +

zzz

0.60

0.17

0.60

0.17

zzz

0.95

0.95

Tabel 1. Beam intensities of Li and Na and beam polari-
zation for all ranks in case of the conventional source and
for optical pumping.
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FIG 1. Schematic lay out of the polarized alkali beam source
optical pumping facilities not shown.
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Polarization of Stable and Radioactive Noble Gas Nuclei by Spin Exchange

with Laser Pumped Alkali Atoms
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U.S.A.

Abstract

The nuclei of noble gases can be strongly polarized by spin exchange
with sufficiently dense optically pumped alkali vapors. Only a small
fraction of the spin angular momentum of the alkali atoms is trans-
ferred to the nulcear spin of the noble gas. Most of the spin angular
momentum is lost to translational angular momentum of the alkali and
noble gas atoms about each other. For heavy noble gases most of the
angular momentun transfer occurs in alkali-noble-gas van der Waals
molecules. The transfer efficiency depends on the formation and
breakup rates of the van der Waals molecules in the ambient gas.
Experimental methods to measure the spin transfer efficiencies have
been developed. Nuclei of radioactive noble gases have been polarized
by these methods, and the polarization has been detected by observing
the anisotropy of the radioactive decay products, ^ery precise mea-
surements of the magnetic moments of the radioactive nuclei have been
made.

In 1960 Bouchiat Carver and Varnum1 showed that it was possible to transfer
spin angular momentum from optically pumped Rb vapor to the nuclei of t̂e
buffer gas by collisions. Unfortunately, the transfer rates were wery slow
and many hours were required to build up detectable nuclear spin polariza-
tion in 3He. Some 18 years later Grover2 reported that the spin transfer
rates from optically pumped Rb vapor to the nuclei of the heavy noble gases
129Xe and 83Kr were many orders of magnitude faster, and substantial nu-
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clear spin polarization could be built up in a few minutes of optical pump-

ing in favorable cases.

Once the noble gas nucleus is spin polarized it can retain its polarization

for a ^/ery long time, hours or even days in cells with properly treated

w?"Us. Such slowly relaxing spins can be used to make very precise mea-

surements of small terms in the spin Hamiltonian of the noble gas. For

example, if the relaxation time is one hour and the signal to noise ratio

is 100, one can measure the resonance frequency to a statistical uncertain-

ty of IT
-1
 x (1 h r )

_ 1
 x (100)"

1
 * Iμ Hz. Thus, one can easily sense the

rotation rate, 11.6 Hz, of the earth, and serious efforts have been made to

develop commercial gyroscopes based on spin polarized noble gas nuclei.
3

Small upper bounds on the electric dipole moment of the
 1 2

^ e nucleus have

been set by looking for some influence of an external electric field on the

nuclear magnetic resonce frequency.
k
 There are other interesting uses of

spin polarized noble gases in nuclear physics as targets for scattering

experiments and as highly polarized sources of radioactive atoms. Inter-

esting studies of surface interactions are possible.
5
 It would probably be

possible to liquify or freeze some of the heavy noble gases without much

loss of polarization, and very interesting spin interactions could be ex-

pected in these highly polarized, condensed nuclear spin systems.

An important reason for the large enhancement of the spin transfer rates

between optically pumped alkali atoms and heavy noble gases is the contri-

bution of loosely bound alkali-noble-gas van der Waals molecules to the

spin relaxation, a phenomenon first discovered by Ayaiar, Bouchiat and

Brossel.
6
 The nature of the interaction is indicated in Fig. 1

To investigate the physics of the spin transfer in van der Waals molecules

we have made use of the apparatus
7
 sketched in Fig. 2. For systematic

studies of spin transfer to
 1 2 9

Xe we prefer not to use a laser, but instead

to use a traditional, quiet and inexpensive electrodeless discharge lamp.
8

Laser pumping is essential for studies of other noble gas isotopes and

especially for studies of radioactive isotopes. For potassium vapor the ^
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signal-to-noise ratio is marginal for a lamp alone and it is advantageous
to pump with a laser and probe with a lamp. Each circularly polarized D1
photon absorbed by the vapor deposits approximately 5 units of angular
momentum in the alklai atoms. A small fraction of this angular momentum is
transferred to the nuclei of the noble gases, mainly during the lifetime of
van der Waals molecules, sketched in Fig. 1. The largest part of the angu-
lar momentum is lost to ft, the rotational angular momentum of an alkali-
noble gas pair about each other. The spin transfer rates are so slow that
we ordinarily wait for 10 or 15 minutes for equilibrium nuclear polariza-
tion to be established in the noble gases. Once the spins are polarized we
remove the circular polarizer from the input optics of Fig. 2 so that
unpolarized D1 light enters the cell. During this probe phase, spin angu-
lar momentum flows back from the noble gas nuclei to the electron spins of
the Rb atoms and a small amount of spin polarization is maintained in the
alkali vapor. This alkali polarization in turn induces a weak circular
polarization of the probe light which is detected with the photoelastic
modulator. To eliminate the effects of slow drifts in the electronic
amplifiers and in the thermally-induced polarizing properties of the opti-
cal elements we periodically invert the noble gas polarization with a
chirpped audiofrequency pulse. Representative signals are shown in Fig. 3.

Decay transients such as those of Fig. 3 can be studied as a function of
the temperature of the sample cell. We find that the nuclear spin relaxa-
tion rate is a linear function of the alkali nimber density as inferred
from saturated vapor pressure curves.9 Representative data are shown in
Fig. 4. The extrapolated rate at zero alkali density is due to spin inter-
actions on the cell walls. This wall relaxation can be significantly sup-
pressed with silicone coatings.10

The measured relaxation rates depend on the third-body pressure as one
would expect from the physical picture sketched in Fig. 1. At low third-
body pressures the rates are slow because the molecules form too slowly.
At high third-body pressures the rates are agian slow because the molecules
are broken up too quickly. An example of the dependence of the rates on
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third body pressure is shown in Fig. 5.

The relaxation rate also depends strongly on the magnitude of the external

magnetic f ie ld in which the sample cell is located. An example is shown in

Fig. 6.

More detailed studies of the magnetic decoupling in K and Cs vapor have

been made by Z. Wu who wi l l report on his work at this conference. The

magnetic decoupling curves can be used to determine the magnitudes of the

spin coupling constants in the molecular Hamiltonian. The slowing down of

the nuclear spin relaxation occurs for the same reason as the slowing down

of the electronic spin relaxation of Rb in various buffer gases f i r s t ob-

served and explained by Bouchiat et a l . 1 1 The magnetic f ie ld decouples the

electronic spin S of the Rb atom from the rotational angular momentum N in ••

the long-lived van der Waals molecules.

The simplest spin HamiTtonian which is consistent with presently known data

on spin relaxation and spin transfer in mixtures of alkali vapors and noble

gases is

> • • > • + - > • • • » • - » • • » • * + ••• +

H = AI-S + 7 N»S + a K«S + gsw8B'S + gjMgB-I + gKMBB-K + (1)

The physical significance of the various angular momentun vectors of (1) is

i l lustrated in Fig. 7.

The electronic spin S of the alkali atom in the molecule is coupled to the

nuclear spin I of the alkali atom by the magnetic dipole interaciton AI»S.

The electron spin of the alkali is also coupled to the rotational angular
•*• * *

momentum N of the molecule by spin-rotaton interaction YN«S. The nuclear
• » •

spin of K of the noble gas atom is coupled to the electron spin of the

alkali by the magnetic dipole interaction oK-S, An external magnetic

\
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field B couples to the magnetic moments of S, I and K as shown in (I). The
g factors gj and gK will be some three orders of magnitude smaller than g-
All of the coupling coefficients, A, T, a..., will depend somewhat on the
vibrational and rotational state of the van der Waals molecule or on the
internuclear separation and velocity of an unbound colliding pair. By sys-
tematically investigating the spin relaxation in various alkali noble gas
pairs with the methods outlined above we have been able to determine the
key parameters which govern the spin transfer rates in a nunber of alkali-
noble gas systems. For example, for 87Rb 129Xe we find

YNBreit-Rabi parameter: x = — = 3.1(3)
Pressure lifetime product: xp(N2) = 1.5(2)xlO~

 7 sec Torr

(2)
3-body formation rate per Xe atom: y - = 4.8(5)xlO"3;<:m6sec- 1 [Rb][N2]

YN
 K

Spin-rotation coupling: -jP - 110(10) MHz

The spin exchange optical pumping methods described above can be used to
produce large and highly polarized samples of heavy noble gas nuclei. The
number N of nuclei which can be polarized is

ki AI
N ~

where AI is the number of o+ photons absorbed by the sample cell and ~-*-
units of angular momentum are assuned to be deposited per absorbed photon.
The factor 3/(4x2) is the fraction of alkali spin angular momentum which is
transferred to a noble gas nucleus during an encounter of short duration12.
The remaining spin angular momentim is lost to N. Substituting representa-
tive values for the parameters. ll = 1500 sec, K = 1/2, AI = 10

1 9

photons/sec, x * 3 we find

N - 10 2 0 spin-polarized,noble gas nuclei (4)
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We have recently extended these polarization methods to radioactive Xe
isotopes. Our apparatus shown in Fig. 8.
Pyrex sample cells, 12 mm in diameter were prepared by distilling a small
amount of 87Rb metal into the cells and adding about 10 u Ci of radioactive
133Xe along with traces of 13infiXe and 133T1Xe. The isotopes were pur-
chased from the General Electric Company in glass ampules. Pbout 50 Torr
of N 2 gas was also added to the cell to serve as a third body and to quench
the fluorescence of laser excited atoms. The cell was haated to a tempera-
ture of 150*C to provide adequate spin exchange rates. At these tempera-
tures the cell is some 100 optical depths thick so laser optical pumping is
essential to burn through the vapor and maintain high alkali spin polariza-
tion. A lithium-drifted germanium detector was used to detect gamma rays,
and when the Xe nuclei were spin polarized the spatial distribution of the
gamma rays changed. Thus we could use the changes in the anisotropic gamma
radiation to detect nuclear magnetic resonance in the radioactive Xe atoms.
An example of such a reesonance is shown in Fig. 9.

The excellent signal to noise ratio of Fig. 9 shows that spin exchange
laser pimping of radioactive noble gas nuclei is a promising experimental
tool which will be useful in many other experiments.

This work was supported by the U.S. Air Force Office of Scientific Research
under grant AFOSR 81-0104-C



References

1. M.A. Bouchiat, T.R. Carver and CM. Varnum, Phys. Rev. Letters 5 373
(1960).

2. B.C. Grover, Phys. Rev. Letters 40, 391 (1978).

3. "Nuclear Moment Alignment, Relaxation and Detection Mechanisms" Annual
Technical Report L i t t on Guidance and Control Systems, 1981.

4. N. Fortson, Private Communication.

5. C.H. Volk, J.G. Mark and B.C. Grover, Phys. Rev. A 20 2881 (1979).

6. M. Aynar, M.A. Bouchiat and J. Brossel, Phys. Letters 24A 753 (1967).

7. N. Ramsey, E. Miron, X. Zeng and W. Happer, Chem. Phys. Letters 102
340 (1983).

8. W.E. B e l l , A.L. Bloom and J. Lynch, Rev. Sci . I ns t r . ^2 688 (1961).

9. T. K i l l i a n , Phys. Rev. ^ 578 (1926) for Rb vapor pressure;
A.N. Nesmeyanov Vapor Pressure of the Elements (Academic Press, New
York 1963) for other a l ka l i elements; Rb formula i s incorrect in
Nesmeyanov.

10. X. Zeng, E. Miron, W.A. van Wijngaarden, D. Schreiber and W. Happer,
Physics Letters 96A, 191 (1983).

11. M.A. Bouchiat, J . Brossel and L.C. Po t t i e r , J . Chem. Phys. 56 3703
(1972).

12. N.D. Bhaskar, W. Happer and T. McClelland, Phys. Rev. Letters ^ 9 , 25
(1982).



10 b

Fig. 1 - Alkali-noble gas van der Waals molecules are formed in three-body
collisions at a rate of Tp"1 per alkali atom and TK"

 1 per noble gas
atom. They are broken up at a rate x~l by collisions with other atoms or
molecules. Angular momentim can be transferred from the alkali electron
spin S to the nuclear spin K of the noble gas atom during the relatively
long molecular lifetime x.

Fig. 2 - The apparatus used to study spin transfer between alkali atoms and
noble gas molecules. CP is a circular polarizer; P i s a linear polarizer
used in conjunction with the photoelastic modulator to detect circularly
polarized light; r i s a compensator pi.
polarization during the probe phase.

late to null out stray circular

Fig. 3 - Decaying 129Xe nuclear spin polarization observed in K, Rb and Cs
vapor. The nuclear polarization is inverted periodically to eliminate the
effect of slow drifts in the recording system. By using different inter-
vals between inversions the slight spin destruction per inversion ~ (< ]%)
can be accounted for.

Fig. 4 - Spin relaxation rate of 129Xe as a function of alkali nunber den-
sity. The wall-coated cell contained 14.9 Torr of N 2 and the uncoated cell
contained 21 Torr of N2. Both cells contained 0.5 Torr of Xe, isotopically
enriched to 69% 129Xe.

Fig. 5 - Measured spin relaxation rates of 129Xe in various alkali vapors
as a function of nitrogen pressure. All rates are given for an alkali
nunber density of 10 12 atoms/cm2 as inferred from saturated vapor pressure
curves.9

Fig. 6 - Slowing down of the relaxation rate of 129Xe in 87Rb vapor in an
external magnetic field H. The rates are normalized to their low-field
values.

Fig. 7 - A vector model of the spin coupling of Eq. 1. The spin rotation
frequency is u>, = YN/tl and the electron Larmor frequency^in the external
field is w0. The Breit-Rabi parameter of Eq. 1 is x = -̂ . The statistical
weight of the alkali nucleus is [I] = 21+1.
Fig. 8 • The apparatus used to polarize radioactive Xe isotopes. P.H.A. is
a pulse height amplifier.

Fig. 9 - Nuclear resonance of 1 3 O TXe observed with the apparatus of Fig.
8.
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DEVELOPMENT OF A TARGET OF POLARIZED 21Ne NUCLEI

T. E. Chupp, W. Happer, A. B. McDonald
Department of Physics, Princeton University

Princeton, New Jersey 08544

ABSTRACT

This paper will discuss the program we are pursuing at Princeton to de-

velop a target of polarized 21Ne nuclei. The primary application of such a

target would be to an improved measurement of parity mixing in the 21Ne nu-

cleus. The techniques which are being investigated are spin exchange with

optically pumped alkali atoms and alkali-like ions, and direct optical pump-

ing of metastable 21Ne atoms. A practical target would have close to 100%

polarization, a thickness of about 1 mg/cm3, and allow the direction of the

spins' orientation to be frequently flipped. The parity mixing measurement,

the polarization techniques, and our progress to date will be discussed.

THE APPLICATION OF A POLARIZED zlNe TARGET TO A PARITY MIXING MEASUREMENT

Parity mixing among nuclear states arises due to the weak interaction

as described by the standard (Glashow-Salam-Weinberg) model. The signal of

parity non-conservation (PNC) allows measurement of weak couplings among

hadrons in the presence of strong and electromagnetic couplings which would

otherwise swamp the effects. Furthermore, the weak processes in nuclei are

strangeness-nonchanging and neutral currents are not suppressed as they are

in strangeness-changing decays. The nucleus therefore becomes a laboratory

in which to study components of the weak interaction which would otherwise

be inaccessible.

In nuclei, the dominant contributions to PNC arise in meson (TT,P,OJ) ex-

change between two nucleons in which one vertex is strong and one vertex is

weak as shown in Fig. lb which is in contrast to the customary meson exchange

vertices shown in Fig. la. The effective strength of the weak vertex can be

calculated from the weak interaction between quarks according to the standard

model and including strong interaction renormalization effects as illustrated

in Fig. lc.1 Furthermore, the low energy nucleon-nucleon force is mostly

s-wave, thus s-p parity mixing dominates. Finally, the possible isospin



structure of meson exchange leads to prediction of five independent cou-

plings.
2
 Two nucleon systems (proton-proton and proton-neutron) and light

nuclei thus provide a set of experimental systems from which these five cou-

plings can be determined.

Light nuclei provide both advantages and disadvantages to the experi-

menter. Among the advantages are closely spaced energy levels of the same

total angular momentum but opposite parity. In
 21
Ne whose level structure is

shown in Fig. 2, the J^β1/2 and l/2~ states at 2.8 MeV are separated by only

7 keV. Other notable advantages are that isospin is an approximately good

quantum number and that the nuclear structure of low lying energy levels in

this region has been extensively studied. However a nucleus is a many body

system in which calculations, though highly refined, are often suspect and

true confidence comes only in systems for which measurement of other param-

eters allows calibration of the wavefunctions (such as in
 1 8

F ) .
3
 A disad-

vantage which perhaps is also an attraction is that these experiments are

very difficult, and require both time and ingenuity to bear fruit.

The low lying level structure of
 21
Ne is shown in Fig. 2. The 1/2 and

1/2 states have isospin 1/2 and decay to the ground state with the multipo-

larities indicated. The weak interaction mixes these states, the mixing

accurately given by first order perturbation theory. As a result, the mixed

state's electromagnetic decay has mixed parity, i.e. El and Ml, which leads

to a handedness for the decay. This handedness is manifest in an observable

PNC circular polarization (P ) or a forward-backward asymmetry (A ) of the

γ-decay rate relative to the orientation of the spin of the initial state as

illustrated in Fig. 3. The circular polarization and asymmetry are given re-

spectively by

P - 2ef ' (1)

Y o

A = P(l/2~)ef ' (2)

e is the magnitude of parity mixing given by the matrix element of the weak

interaction Hamiltonian divided by the mixed states' energy difference, f
Q
'

and f.
,
 are functions of the relative branching ratios for the dipole and

quadrupole contributions to the electromagnetic decays given by Millener

et al." and P(l/2~) is the initial polarization of the l/2~ state.

The circular polarization measurement has been performed with iron

Compton transmission polarimeters.
5,6
 These polarimsters have an analyzing



power of about 0.035 and thus only 3.5% of the circular polarization present

is actually registered as a difference in count rate correlated with the

magnetization of the iron. This presents an obvious disadvantage in statis-

tical power and it also serves to magnify systematic effects by Q Q>, % 30

times. The results of two sioarate measurements set a limit on the circular

polarization of

|p I - (0.08 ± 1.4) x 10"3

from which a limit can be extracted on a linear combination of the raeson-nu-

cleon weak couplings.6

An improved measurement of parity mixing in 21Ne may be possible by

measuring the asymmetry A if polarization greater than about 10% is produced

in the initial l/2~ state. This polarization could be achieved by inelastic

scattering of protons from the polarized ground state. Previous attempts to

produce a polarized 1/2 state with inelastic scattering of polarized protons

from the utipolarized ground state did not produce sufficient orientation of

the 1/2 state. The possible advantage of the polarized target technique

lies in the fact that the ground state spin is 3/2 and thus stores greater

angular momentum when polarized than spin 1/2 protons.

The polarization of the 1/2 state, P(l/2 ) in equation (2), must be

measured in a separate experiment. In this measurement, the circular polar-

ization of y rays emitted in the decay of the 1/2 state to the 5/2 state

at 350 keV would be measured. The y ray circular polarization for each decay

is proportional to P(l/2 )*cos8 where 9 is the angle between the nuclear

polarization axis and the direction of y ray emission.

Though the efficiency for polarization transfer by inelastic scattering

from the polarized ground state is not known, our goal is to produce a target

with nearly 100% polarization, that is with only the m • + 3/2 state or only

the m = -3/2 state populated. The techniques we are investigating are de-

scribed below. They are i) polarization by spin exchange with optically

pur.iped Rb vapor, ii) spin exchange with alkali earth ions which also have

a single valence electron and therefore can be optically pumped and ill)

direct optical pumping of metastable 21Ne.

POLARIZATION BY SPIN EXCHANGE WITH OPTICALLY PUMPED Rb

Spin exchange between an alkali atom and noble gas nucleus is mediated



by the hyperfine interaction between the alkali atom's valence electron and

the noble gas nucleus. The amplitude for spin exchange is proportional to

the effective duration of the hyperfine interaction - which for lighter noble

gases is the binary collision time and for heavier noble gases is the life-

time of the alkali-noble gas van der Waals molecule. The technique of polar-

ization of noble gas nuclei by spin exchange was first used by Bouchiat,

Carver and Varnum to polarize 3He (ref. 8) and has since been applied to

other noble gas nuclei including 21Ne (refs. 9,11). The principle of this

technique is illustrated by the RC circuit analogue shown in Fig. 4. In

this analogue the total angular momentum stored in the Rb electron spin or
21Ne nuclear spin is represented by the charge on the capacitors and the

paths by which the angular momentum flows into or out of the Rb and 21Ne

are represented by the resistors. The analogous quantities are given ex-

plicitly in Table 1.

From circuit analysis and the information given in Table 1, it follows

that for the 21Ne

<K2-KZ
2> A

(3)

where R is the rate of angular momentum transfer from the Rb to the 21Ne and

X is the relaxation rate of the 21Ne nuclear spins:

R = 2
 Z
 2- ' <o u> [Rb] (4)

<F -Fz >
 eX

X - <O U> [Rb] + r^ (5)
ex xR

<a rV> is the product of the effective spin exchange cross sections and the

relative Rb-21Ne velocity, averaged over the velocity distributions and T.,

is the 21Ne relaxation time for all channels other than spin exchange with

Rb. It follows from these equations that the equilibrium 21Ne polarization

i s given by
R %xU>[Rb] <FZ>

(T * oo)

<K -K_ > A <a U>[Rb]+ — <F - F / > (6)
Z ex xR

10

The quantity 0 has not been measured, though an estimate by Herman and
ex -24 -23 2

our work indicate that a £ 1 0 ~10 cm . This is much smaller than



xoj.

0 for heavier noble gases for two reasons: the spin exchange for Rb- Ne
-12

occurs during the very short (10 s) binary collision time, whereas for Rb-

Xe spin exchange, the formation of relatively long lived van der Waals mole-

cules dominates the spin exchange rate, and the hyperfine interaction is

probably much smaller for Ne than for Xe.

These expressions suggest the following requirements for effective pro-

duction of polarized 21Ne nuclei:

i) In order to achieve a large equilibrium polarization, the exchange

rate must be much greater than the relaxation rate i.e. <0 U>[Rb] > R

Grover11 has reported a measurement of T_ of 15.7 hours. With
-23 2 13 3

O =10 cm , [Rb] > 3 x 10 atoms/cm is needed which is achieved at aex - < .

temperature of 125°C.

ii) It is also necessary that the Rb polarization be as large as possi-

ble, that is the Rb must remain polarized. Since the large number density

of Rb produces an optically thick vapor, the high intensity of laser light

is necessary.

iii) At high Rb number density, the phenomenon of light trapping limits

optical pumping efficiency. Light trapping occurs when the rate per Rb atom

of scattering of fluorescent light from neighboring atoms exceeds the rate of

absorption of circularly polarized laser light. Light trapping can be sup-

pressed by adding 60 torr of N~ whose molecular degrees of freedom efficient-

ly quench the Rb excited states' population.

Our study of the feasibility of the optical pumping-spin exchange tech-

nique begins with measurement of a , relaxation times and the limits on [Rb]

imposed by optical pumping. The first task has therefore been development of

the technique to measure the 21Ne polarization after it is produced. We have

chosen bulk NMR polarimetry of the 21Ne due to the relatively large signal to

noise expected.

The apparatus used to optically pump Rb and polarize 21Ne is shown in

Fig. 5. A 1.5 cm diameter cell containing 380 torr of Ne with 90% 21Ne en-

richment, 60 torr of N« and about 5 ygm of 87Rb is placed in an oven capable

of temperatures as high as 180°C. Light from the dye laser is circularly

polarized by a A/4 plate and expanded to fill the cell. A krypton ion laser

pumps the oxazine 750 dye in a multimode dye laser. The dye laser is tuned
a

to 7495A, the D1(5S. i^ "* 5pi/9^ transition in Rb. An IR television camera



views the cell through a D2 filter at a right angle to the laser beam direc-

tion. D2 fluorescence (5P3>2 "*"
 5Si/2^ i s t h e s i S n a l t h a t t h e vapor is absorb-

ing the laser light and thus that the Rb is not efficiently optically pumped.

Minimum D2 fluorescence corresponds to maximum Rb polarization.

After pumping, the cells are transferred to the bulk NMR polarimeter.

During the transfer care is taken to insure that all external magnetic fields

change adiabatically in the Ne rest frame. Diabatic changes result in depo-

larization. The bulk NMR polarimeter is illustrated in Fig. 6. The main

coil provides a 215G holding field (B ) and a sweep field (B ). Drive coils

produce an oscillating magnetic field (2 B. cosfdt) where |B.| ̂  0.2G. When

w = 2irXBo (XBQ is the NMR frequency of
 21Ne), the 21Ne spins are flipped by

adiabatic fast passage. As the nuclei precessing at frequency AB pass

through the plane of the pickup coils, a voltage is induced which is propor-

tional to the 21Ne vector polarization ( Z ). This voltage is detected by

the lock-in amplifier and a record of voltage vs. B is made with the x-y
s

recorder. A balance circuit is necessary to null the residual coupling of

the drive coil and pick up coil.

The result of the application of this technique to a cell pumped at

130°C for one hour is shown in Fig. 7. Three successive flips are shown.

The resonance width is accounted for by power broadening due to B (FWHM

= v3 Bj). The decay of the resonance height,probably due to poor fast pas-

sage, arises from non-uniformity of B.. The noise level of about 1 yV is

mostly due to instability of the residual coupling of the drive and pickup

coils. The signal size shown, 18 uV, corresponds to 0.3% vector polariza-

tion. The effective spin exchange cross section, a , will be measured by

application of these techniques with varying temperatures and pumping times.

The relaxation time T is dominated by interaction of the 21Ne atoms

with the cell walls and is expected to be temperature dependent as well as

strongly dependent on the cell construction and surface preparation. Long

relaxation times are expected since Ne is a very inert atom and Grover's

result of 15.7 hours is not surprising. The strongest contribution to 21Ne

spin relaxation is the torque on the nucleus due to interaction of the nu-

clear electric quadrupole moment with electric field gradients at the cell

walls. Since the relaxation rate is proportional to the time each atom

spends at the wall (sticking time), higher wall temperatures -should in-



crease T_. We are currently investigating different possible cell geometries

and preparations with the aim of achieving maximum relaxation times.

The limits on efficient optical pumping at high Rb density are also under

investigation. Work in our labs on polarization of Xe isotopes suggests that

a temperature of 150°C corresponding to [Rb] • 1 x 10 atoms/cm may be an

upper limit. This limit arises due to the relaxation of the Rb valence

electron polarization through Rb-Rb interactions in which angular momentum is

transferred to the tumbling of the van der Waals molecule. The rate of relax-

2

ation is proportional to [Rb] . In order to fully understand these limita-

tions, however, it is necessary to measure the Rb-Rb interaction. These

measurements are in the planning stages.

The measurements, outlined above, of o , x_ for various cell construe-

tion techniques, and the limits on efficient optical pumping will enable us

to assess the feasibility of producing a polarized target for the
 2 1

Ne parity

violation experiment. Two other ideas, in the planning stages, though

under serious consideration are described in the following sections.

POLARIZATION BY SPIN EXCHANGE WITH OPTICALLY PUMPED ALKALI EARTH IONS

The limitations of the technique of optical pumping by spin exchange of

Rb is the small size of a for Rb-
2 1
Ne. In contrast, O for Rb-Xe is at

ex ex

least 4 orders of magnitude greater.
12
 Thus Xe isotopes can be completely

polarized in minutes at temperatures of 120°C and below. This large differ-

ence of 0 is due in part to the much longer effective duration of the hyper-

fine interaction between the Rb electron and the Xe nucleus when a Rb-Xe van

der Waals molecule is formed. For the Rb-Ne system, there Is apparently no

formation of these molecules.
12
 A system in which a molecule can form between

an alkali-like species and Ne should have much larger a without appreciably

shortening T .

K 4.

A singly charged alkali earth ion such as Sr may be such a species.

The single 5S. ,~ valence electron has been optically pumped with light of

wavelength 4216A (for Sr )
1 3
 and evidence that molecule-like cluster ions

form has been reported. A limit on the spin exchange cross section for

Sr -He has been established by measuring Sr relaxation rates and suggests
-19 2

a may be as large as 10 cm (ref. 13).
CΑ

In order for such a technique to be feasible, several questions must

first be answered. These include the same questions of the effective spin



exchange cross section, the relaxation times and the limitations of optical

pumping. In addition, we would probably require an equilibrium ion density
12 3

of about 10 ions/cm in several atmospheres of Ne. This equilibrium

population is proportional to the ratio of ion production rate to the com-

bination rate. The latter rate may provide the limitation for this tech-

nique .

POLARIZATION BY DIRECT OPTICAL PUMPING

Noble gas nuclei including 21Ne have been polarized by optical pumping of

metastable states of 21Ne atoms.1"* *15 ,ie The spin exchange then takes place

between the polarized electron and the nucleus of the same atom thus greatly

enhancing the rate of nuclear polarization. This technique can only be per-

formed at low gas pressures in order that the metastable states can be popu-

lated in a discharge or by electron bombardment. However, since the 21Ne

spin relaxation times are very long, polarized atoms could be collected to

make a sufficiently thick target. The most promising collection technique

is freezing of the Ne either directly onto a target backing or onto a hold-

ing surface to be later released into a target cell.

The feasibility of this technique is, of course, also dependent on many

unanswered questions. In this case, the greatest limitation is most likely

the relaxation rate of the 21Ne polarization during the collection and hold-

ing phases. Data exist for the relaxation of 129Xe spins in the solid phase

which indicate that in the absence of impurities, relaxation times of many

hours can be expected.17 For 21Ne, the presence of the electric quadrupole

moment may shorten relaxation times, though only through measurement will

these questions be finally answered.

CONCLUSIONS

The different techniques for production of a polarized 21Ne target

present different technical challenges and different problems. Our approach

to this development is one of understanding, through measurement, the physics

of each technique and thus the limits of each technique.

For the Rb-21Ne spin exchange technique we need to measure a , r
ex R

for various cell constructions and preparations, and the limits of [Rb] for

effective optical pumping. This work is well underway with the development

of the bulk NMR polarimetry technique to measure the 21Ne polarization.



Study of the Rb-Rb interaction will indicate the limits on [Rb].

The study of spin exchange with alkali-earth ions and direct optical

pumping of 21Ne atoms are in preliminary stages, though works by other authors

(cited above) provide a firm basis for our work. The bulk polarimetry tech-

niques will be used in this work, in particular to study the relaxation rates

of the 21Ne polarization in the solid phase.



Table 1. RC Circuit-Analogous Quantities

Spin Exchange Quantity Electrical Quantity

Optical Pumping Rate -r- = 1/2 -fi Nn, • (photon absorption rate) I t

at Kb opt
Total Angular Momentum Stored

"Polarization"

Angular Momentum Capacity

NRb <*£>

NNe < K Z >

<FZ>

2 2
<F2-FZ

2>

< K Z >

<* 2 if 2><K -Kz >

\ b < p 2 - F z 2 >

N_ <K2-K 2>
Ne z

QRb

QNe

= V C
Rb Rb

= V C
Ne Ne

VRb

VNe

t

CRb

CNe

F and F are the total angular momentum and
z-projection of the total angular
momentum for Rb.

K and K are the nuclear spin and z-projection
of the nuclear spin for 21Ne.

The total numbers of Rb, (NRb) and 21Ne (NNe)
are given by the product of the number
density and cell volume, ft,
NRb =
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FIGURE CAPTIONS

1. Strong (a) and weak nucleon-nucleon interactions. Calculations of the

weak interaction vertex are made with the standard model including

strong renormalization effects.

2. Energy levels and parity mixing in
 2 1
Ne.

3. Observable handedness in
 21
Ne γ-decay - due to the presence of PNC, one

handedness is favored over the other.

4. Circuit analogue for spin exchange between
 21
Ne nuclei and optically

pumped Rb.

5. Optical pumping apparatus for
 21
Ne polarization.

6. Bulk NMR polarimeter used for
 2 1
Ne.

7.
 2 1

Ne NMR resonance produced by adiabatic fast passage.
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POSSIBILITY OF OPTICALLY PUMPED 3He AS AN INTERNAL TARGET

H. G. ROBINSON /

Duke University

Durham, North Carolina 27706

1. INTRODUCTION

Without regard to their practicality or potential usefulness, a
3

number of techniques can be listed for obtaining polarized He nuclei. For

1,33
example: 1. Contact or scalar interaction with optically pumped alkali.

2. 'Brute Force' polarization - thermal equilibrium in large

2
magnetic field.

3. Flowing gas subjected to magnetic field gradient for separation

of spin states.

3 5
4. Polarization of cold solid He with subsequent heating.

5. Optical pumping of alkali with subsequent collisional transfer

of polarization to He (2 S~) and He(l S Q).

3 7 8
6. Optical pumping in beam of He(2 S..). '

3 37. Direct optical pumping of He( S.) with collisional transfer to

3He. 9

This paper focuses only on the last of these possibilities. A coapreheasive

review will not be attempted. The basic aspects of the method will be

presented followed by a discussion of only the most recent work.

2. BASIC METHOD

9 3 3
Colegrove, Shearer, and Walters first polarized He ( S1 ) ,
3 * 3

hereafter He , and ground-state He by optical pumping. Their paper
discusses the basic technique as well as the theoretical analysis of the



3
process. Very briefly, polarization of the 2 S^ state is produced by J

10 3
scattering circularly polarized 1.08 μ D

ft
 resonance radiation" , S. F = 3/2

3
<—> P. . As indicated in Fig. 1, this process alone would deplete the

(FjiiL,) = (3/2,-3/2) and (3/2,-1/2) levels of the S
±
 state. Spontaneous

emission would return excited state population to the ground metastable

states. With continued exposure to the pumping radiation, the two states

above would be depleted of population. However, this is not the only process

active in determining metastable ground-state population. A large metastable

exchange cross-section , o* - 7.6 x 10 cm , exists for transferring

netastability to a colliding 1 S. ground-state atom. The rate for this

exchange is ~ 5p
T
 x 10 /s. Since typical He pressures are ~ 1 Torr, the

ground and metastable states are in tight communication with each other -

the polarization of one is transferred to the other through this exchange

12
interaction. Anderson, Pipkin, and Baird have shown that under conditions

where angular momentum is exchanged between species sufficiently rapidly, a

Spin Exchange Equilibrium in populations of (F,m_) levels is attained

through total angular momentum conserving binary collisions. Thus the

metastable levels (3/2,-3/2) and (3/2,-1/2) communicate with all other

levels including the ground state N̂  ., and N,._ levels. In SEE, the ratio

of adjacent level populations is a constant:

where P is the polarization of the 1 S. ground state.

Figure 2 shows the basic apparatus consisting of an appropriate

light source, circular polarizer, He filled cell with weak discharge

immersed in a homogeneous magnetic field, and, if desired, a detector to

observe transmitted light intensity. Also shown in Fig. 2 is an energy level

3 3
diagram, not to scale, showing the fine structure of the P states. In He,



since the hyperfine structure is the same order of magnitude as the fine

structure, a considerably more complex P level structure is manifest. This

complication is omitted here.

The discharge, required to produce the metastable species (~ 20ev

above the 1 S~ ground electronic state), gives rise to what can be called

the 'discharge problem'. A rf field coupled capacitively to the He gas

creates the plasma - obviously energetic electrons are present. Not only is

3 1

the desired 2 S.. He produced but also the species 2 SQ , free electrons, and

various He-ions. Depending on the intensity of the discharge, polarization

destroying collisions can become a problem. Almost universally workers

report that the polarization decreases as discharge intensity is increased

and that 'best' operation is attained for the 'weakest' discharge. In

turning down the rf power exciting the discharge, a point is reached where

it extinguishes. The 'weakest' discharge is a function of cell pressure and

geometry, electrode coupling geometry, and the electronic details of the rf

drive circuitry. 'Weakest' for one experimenter may not be 'weakest' for

another.

A related observation is that as the He cell pressure is increased

beyond ~ 1 Torr, poorer polarization is attained. This is attributed to
3

increased collisional mixing in the P-state and to an increase in unwanted
discharge products. In effect, the weakest discharge may be stronger at

higher pressure.

6,13 4 * 4 +
Our work at Duke on Zeeman spectroscopy ' of He and He has

led us to production of extremely weak or soft effective discharges. For

4 *
He , we have observed Zeeman resonance line widths of ~ 200Hz in a 15 Torr

cell rather than the width of 3-10 kHz typical of a normal weak discharge.

The technique involves a constant-current mode pulsed discharge. The



rational is to keep unwanted discharge products to a minimum and to keep the

average electron teaperature low. This; converts the undesirable 2 Ŝ
3

metastables to 2 S~ aetastables and reduces the loss rate of angular

momentum. (Note that in a metastable ground-state exchange co l l i s ion

involving the 2 S~ state, the ground state is depolarized.) Figure 3a shows

the resolved Zeeman spectrum at a pressure of 2 Torr for three species,

* +

free electron. He , and the hydrogen-like ion He . The rf field used to

display the e resonance saturated the other resonances. Figure 3b shows a

higher resolution picture of the He and the He resonances. The very

presence of the electron resonance is indicative of thermal electrons. Also

the dominate line width contribution, 225 Hz, to the He resonance is

diffusion to container walls. The discharge has only a small contribution to
4

the observed width. Even though He metastable-ground state exchange
7

collisions occur at ~ 10 / s , no broadening is attributed to this process.

The absence of such broadening is understandably due to the absence of a

hyper fine interaction (nuclear spin equal zero) but it is none-the-less

10 3remarkable! Thus metastable densities ~ 10 /cm can be produced under

conditions of low discharge perturbations. It would be interesting to use

such techniques in modern He pumping experiments.

A multi-region or dumbbell ce l l as shown in Fig. 4 has been

3
devised tc decouple the discharge from polarized He. As a result, the

large relaxation time evident in the absence of discharge can be effected in

one region while continuous optical pumping occurs in the region containing

the discharge. Perturbations caused by the discharge are removed to a large

extent. The niter device implemented to show this principle extracted

angular momentum from the radiation field generated by precessing nuclear

moments coupled to a tuned circuit . The polarization attained using a

*



conventional plasma lamp was ~ 20% with an equivalent polarized atom flux of

10
15
/s.

In Fig. 5 a hydrodynamic pumping analogy is depicted. This

indicates the couplings between the various species from photons, to He , to

He in the discharge, and finally to He outside the discharge region where a

useful output of angular momentum ( or He atoms ) is delivered.

Although operating parameters may vary widely, some typical values

occurring in He optical pumping experiments using conventional plasma lamps

are of interest:

High intensity conventional plasma lamp: 10 - 10 photons/sec driven by

up to 800 watt oscillators.

He pressure: 0.1-5 Torr.

-3 -4
Metastable pumping time: 10 - 10 s.

-4 -4
Metastable relaxation time: 10 - 5 x 10 s.

Main metastable losses:

Diffusion to walls: f
D
= D/A

Q

2
 ~ 5.5 x 10

2
/p

T
 s

_1
for 100cm

3
.

Discharge products.

1.08 μ resonance radiation trapping.

1 S. relaxation time in discharge: 1-100 s.

1 2 4

1 S. relaxation time in absence of discharge: 10 - 10 s.

I S . losses:

Wall relaxation. Discharge products, Magnetic gradients.

Effects due to raising the He pressure include increased mixing in P

states, possible creation of stronger discharge with attendant greater loss

* 3

rate of polarization, and lower diffusion loss of He . Mixing in the P
—1 —1

states, probability [1 + (4p
T
) ] , lowers the optical pumping efficiency.
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One application of polarized He has been as a polarized target J

for nuclear scattering experiments. Several papers on this subject were

presented at the Third International Symposium On Polarization Phenomenon In

Nuclear Physics. This application is characterized by the use of closed

volume cells with thin windows for beam access. For possible use of
3

polarized He as an internal target, we assume no windows are permitted.
3

Thus a continuous (or intermittent) flux of He is required.

A target group at the University of Toronto has published a series

18 3

of papers containing detailed aspects of optical pumping of He including

both experimental and theoretical subjects. The reader is encouraged to

examine these papers for a review of the subject prior to introduction of

laser induced optical pumping. In addition, the reader will find the review
19

article by Happer useful for optical pumping in general, and He

specifically.

3. MOST RECENT DEVELOPMENTS

Since the resonant 1.08 μ radiation is the primary source of

3
angular momentum iu the optical pumping polarization of He, we are led to

consider laser sources for this wavelength in attempting to improve the

20
polarization and rate of polarization attainable. In 1980 Mollenauer

+ *
developed an (F. ) center laser in NaF which is tunable from 0.99 μ to 1.22

μ with power output of 500 mW. This technology provided the means for

improved optical pumping of He.

There have been at least two groups with published results on 1.08

3 A 21
μ laser pumping of 'He. Lhuillier and Laloe study the theory of the

quantum properties of spin-polarized He and suggest use of a dumbbell cell x

22 23 /
geometry and laser pumping. Other articles report ' the successful
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use of the laser in He optical pumping. The ENS (Paris) laser described by

24 +
Trenec, Necher, and Leduc used a KΓ laser with a 7.S W output in the

647nm, 676nm lines to pump an HZTC dye laser producing 1.5 W at 890nm. This

in turn pumped the (P.) centers in a 77K crystal of NaF. Single frequency

output power of 300 mW At 1.08 μ was obtained. Both ring and linear cavity

lasers were operated.

A preprint of recent results by Leduc, Nacher, Crampton, and

25
Laloe contains the drawing presented in Fig. 6. Using the dumbbell

geometry, a polarization of 50% was attained in the 4.2K region containing

3 18 3

He atoms at a density of 1.5 x 10 /en . Laser pumping using three

longitudinal modes with 150 MHz separation was done in the 100 cm room

temperature region of the dumtjell. An important experimental detail was

the addition of a small amount of H. gas which provided a wall coating when

cooled to 4K. This H. coating significantly lengthens the relaxation time
26

(2 days) of He at 4.2K temperature. The dumbbell geometry was essential

since the cross-section for metastability transfer rapidly decreases at low

27 28
temperature ' thereby creating a bottleneck in the rate angular momentum

can be transferred to the ground state. Optical pumping at room temperature

removes this bottleneck. The reported time constant for build-up of

polarization in the cold cell region was 25 minutes. Using the ratio of the

number of atoms in the cell to this time constant gives an estimate of the

rate, 1.5 x 10 /s, at which atoms could be removed from the cell.

The Rice University group has also actively pursued laser pumping

29
at 1.08 μ. Giberson, Cheng, Dunning, and Tittel discuss their ring/linear

+ *
mode laser which also used Nollenauer's (F.) -center NaF crystal. Gray,

30
Giberson, Cheng, Keiffer, Dunning, and Walters report using their laser to

4 *
puap He in a flowing afterglow and subsequently extract polarized



e l e c t r o n s . Polar izat ions realized were 70 - 80 * at 1 μa or 40 % at SO

4. ESTIMATE OF POLARIZED 3He FLUX

One watt of circularly polarized 1.08 p laser power provides 5.4 x

18
10 "Ws as a flux of angular momentum. We simply wish to transfer this

3 3 *
flux to He by resonant photon scatter ing from He , then transfer the

3 • 3
polarization acquired by the He to He via metastable exchange col l i s ions.

If we define a parameter β to be the e f f ic iency of transfer of angular

momentum from a scattered photon by He through the exchange process to

3 3
He, then the maximum limiting fliix of polarized He which can be removed is

18
of the order SAβ x 10 /s-W. A domino analogy comes to mind, wherein

angular momentum flows from one species to another by c o l l i s i o n : i . e . one

domino transfers i t s momentum to the next. However, there is a potential

problem implicit in such thinking. This is the possibi l i ty of a bott leneck

developing at one or more stages of the process. Each of the stages wil l be

considered in turn to see if appropriate transfer rates can be obtained.

Fina l ly , c e l l geometry as well as laser spectrum and power requirements are

mutually dependent. The objective is a design which makes e f f i c i e n t use of

photon f lux so that an appreciable fraction of the input flux can be

3
transferred ultimately to He.

3 — 7
The P l i f e t i m e i s ~ 10 s . A convenient measure of the onset of

optical saturation occurs when the laser intens i ty i s adjusted to scat ter

10 photons/s-resonant He . The narrow-band laser light interacts with only

a small fraction of the Doppler broadened linewidth ( AYQ~ 2000KHZ) . Assume
3

for s impl ic i ty that pressure broadening in the P s t a t e s i s negligible \

compared to the natural l i fet ime linewidth of 3MHz. The homogeneous
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l inewidth i s then simply Av ~ 3MHz. The laser interacts with the velocity
n

group of the He ensemble in opt ical resonance. Photons are therefore

scattered from a fraction Av,/Av of the He ensemble.
n U

*
Now assume that the time to polarize those He in resonance with

_7
the laser is given by T ~ (10 Zβ) s. Then the time to polarize the He

ensemble in absence of relaxation effects is

n
 A Y

D 1

T = t x
 —
 * x

P P *
n

~, x —

AV]i m

where n and n are the densities of the grtfund and metastable atoms and m is

defined as the number of velocity groups being pumped by the laser. T is of

3
central importance since the He must not be removed before it has time to

be polarized. The rate of transfer of angular momentum to the He ensemble

is then

nV m
 P
 n

V β

10~
7
Av
D

where V is the volume of the optically pumped region of the cell. With n

10 1
-10 /cm and β - 1/10 ,

L ~ 1.5 x m x V x 1 0
1 3
 V s .

He p

The light intensity required is found as follows.

7 •
I or =10 photons/s-resonant He
o o

I ~ 10
7
/2»r A.

2
 = 5.4 x 10

1 5
 photons/cm

2
-s

o

where a is the resonant scattering cross-section. This leads to a power per

unit area

P/A = hrl ~ 1 mW/cm .
o
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In order to consider an appropriate ce l l geometry, the optical /

mean free path k i s useful.

K = [ n <r ] 1 ~ [ n —• x 2n X2 ] \

p reson o Av_

Consider a cylindrical ce l l of length JL with flat windows each of area A.

At the ex i t window of the c e l l , a mirror reflects the laser light back

through the c e l l . Choose Jc ~ \ 12 to get e f f i c i e n t absorption of input
photons. Then V = A X /2 .

P P

The area A is found next. For a homogeneously broadened laser

with K modes separated by Av- , the power/mode P^ is

P K = P T o t a l / K •
2

Each Pg must satisfy the intensity constraint 1 mW/'cm . Therefore

PTotal = K PK = K x 1 x A mW

and

The number of velocity groups being pumped is

The factor of two arises from the use of the mirror, and assumes no mode is

within AYJ/2 of exact Doppler center resonance. If th i s i s not the case,

then the in tens i ty of the mode tuned to the Doppler center is effectively

doubled. Substituting this in the expression for L,, yields

. P Total ( » W )

Ln = = p i l input photons/s .
H e l x a x t * * *

o p

Thus the area A has dropped out under the des ign c o n d i t i o n s used.

Furthermore, conservation of angular momentum flux prevai ls from input

photons to final output ( to within the efficiency factor β ) indicating no

bottlenecks.
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An attainable laser power is 500 mW. For an optimum choice of

laser sideband/mode structure with A satisfying

A . < A < A
min max

the He flux of ~ 50% polarization attained is

£„ ~ 2.7 x 1017 Vs-laser .
He

A implies a single laser mod? with
max e

P_ . = A x 1 mW
Total max

i f th i s i s consistent with R < X to avoid r a d i a t i o n trapping in the
max p

c e l l . A . impliesmm

with

K = Av_/Av^
max D h

K = p* J* = A . x 1 mW.K Total max mm
*

Other geometrical constraints include relaxation of He due to

diffusion to walls, maintaining a weak discharge, and those associated with

target requirements. Needed corrections to the simplified analysis include
3

optical pumping cycle details, collisions in P states, and relaxation

effects.

Relaxation as well as 'bottleneck' effects can be included by

using coupled rate equations describing the metastable and ground state
9

polarizations p and P. Following Colegrove, Schearer, and Walters , the

required parameters are the pumping time x , T,= [n a v] ,
p ** re son ex

xn= [n a v] , as well as relaxation times x and T . The equilibrium2 ex r r ^

polarizations p , P are given by
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and

For a target requiring a flux of He, assume T is entirely rtue to loss of

polarized He through the target . Furthermore, taking T = 10 i T . / 3 ,

x = 5 x 1 0 s, T = 1 0 s for those He in optical resonance, and P T o r r =
P

0.S Torr, then

> =0.6 and P = 0.5 .
o o

Eigher polarization can be obtained by increasing the relaxation tine T^

(i.e. lowering the He flux). Note that the punping time used above is that

estimated for resonant He only. The time to polarize the entire coupled

system is

where

V1- \
-l -I -l -l

X = X. + X + X ,
2 r p

—7 2
In the example chosen above, t = 3 x 10 s, T = 7.1 x 10 /m s, and T^ =

2
4.3 x 10 /m s. Using the same intensity - geometry design as above, the

corresponding flux of He atoms is

3 x 1016x p T x V lfi

N n = T o " P = 7.6 x 10 1 6 /s-laser.
H e _

This is comparable to but, as expected, less than the estimate obtained

without consideration of relaxation.

5. LASER RELATED COMMENTS

Although a number E of longitudinal laser modes was used above to

make rificient use of laser power, other options exist which could be used

with single or multimode lasers. The laser could be frequency modulated by
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\ an appropriate intercavity electro-optic modulator: oz, phase modulation

could be used with the e-o element outside the laser cavity. A choice of

modulating frequency and waveform (non-sinusoidal) should be made to produce

an acceptable sideband power spectrum. Another possibility is an acoustic

optic modulator driven with more than one frequency, e.g. an appropriate

noise spectrum to produce the desired bandwidth. The spatial dispersion

acquired by the beam on a single pass through the modulator can be corrected

by a double-pass through the modulator. The resulting beam with no spatial

dispersion but with frequency dispersion exits counter-propagating to the

input monochromatic beam.

Other mirror configurations come to mind: e.g., a "onfocal or

etalon geometry. But if the cell is made optically lossy by using a length

on the order of the optical mean free path, little 'build up
,
 gain can be

expected. The simple single mirror seems a good choice.

Because of the complications involved in obtaining 1.08 μ laser

+ *
radiation via the dye laser/(F) -center laser route, other lasers may be

considered. Diode lasers exist at 1.3 μ wavelength. However for the GalnAsP

31
structure, 1.08 μ is near the band edge of this material. It remains to be

seen if a diode laser can be operated at the required wavelength. Typical

output power for these devices is 10 mW so that a 10 x 10 array could

+ *
conceivably produce 1 W. The use of diode lasers as the pump for the (F,) -

center laser is more encouraging. At least such lasers exist at appropriate

wavelengths for this purpose. One of these devices typically produces 50 aW

so that an array would be required to provide sufficient pumping power.
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6. TARGET SCHEMATIC

A schematic diagram of the windowless target is shown in Fig. 7.

The optically pumped region designated as V has an orifice for admitting
P

He. Another orifice bleeds polarized He into the target region itself at an

optimum rate. Taking the He flux as 10 / s , with a target tube diameter of

14 2
1 cm and length 10 cm, we estimate a target density of 10 /cm r-l 300K. If

15 2
the target only is cooled to 4E, the target density increases to 10 /cm

The escaping gas is trapped mainly in the shroud and pumped out by

the vacuum pump. If an appropriate pump can be found which does not

depolarize He, the high pressure exhaust of this pump could be metered back

into the optical pumping cell as shown by the dotted lines. This process of

re-cycling polarized He would greatly reduce the load on the optical

pumping. If successful, it would permit much higher flux rates, and/or

higher polarizations to be attained.

7. SPECULATIONS

18 3 25

The density 10 /cm already attained may provide a windowed

target of sufficient density to be usable. However, two points in addition

to density need consideration in connection with the 4K temperature used to

achieve such densities at ~ 0.3 Torr pressure: 1) heating especially at

windows of the cooled cell by the beam: and 2) the necessity of maintaining

the H wall coating without damage from the beam. The windowless target may

not suffer from these problems in principle.

As an alternate to the 4K H^-coated-wall cell, consider a cell

cooled to 77K . At this temperature the relaxation time for He is still long

32 33 18
without wall coating. * However, in order to achieve the 10 density, a
pressure of 8.5 Torr He must be used. The very weak discharge technique
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mentioned e a r l i e r might f ind a p p l i c a t i o n here but lower optical pumping

ef f ic iency would probably reduce the p o l a r i z a t i o n . An opt imized pressure

t i m e s the square of the p o l a r i z a t i o n could be chosen on the b a s i s of

experimental r e s u l t s .

8. SUMMARY

Existing experimental work using laser induced optical pumping has

3
produced He with a polarization of 50% in a dumbbell configuration with one

18 3
region at 4K. The density at this temperature was ~ 1.5 x 10 /cm . An

estimate of the angular momentum rate for this system gives 1.5 x 10 h/s.

Use as » windowed target may be subject to difficulty because of the

requirement of having an H. wall coating on the low temperature portions ol

tbe cell to prevent fast relaxation.

A dynamic or flowing gas target would not be subject to this

problem in principle. With appropriate cell geometry and laser power

spectrum constraints, estimates of the flux for such a system gives ~ 10

h/s-laser.

3
A re-circulating pump preserving He polarization would remove a

major load from the system admitting the possibility of much higher flow

rates, denser targets, tnd/or higher polarizations.
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F-%.

M, \ 4

Fig. 1 Optical pumping-metastable exchange polarization. In absence of

metastability exchange, m^ = -3/2, -1/2 levels axe depopulated with excess

population going to the other m_ levels of the S. state. When aetastable

exchange with the ground S. state is considered, the polarization of one

system is transferred to the other. Unity polarizations are possible.
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H,

WEAK
DISCHARGE

r-'S,
r IMPACT

Fig. 2 Basic He optical pumning apparatus and electronic energy level

diagram. The apparatus consists of an intense light source, circular

polarizer, cell containing He at a pressure of ~ 1 Torr with a weak

discharge immersed in a uniform magnetic field, and, if desired, a detector

to observe the transmitted light intensity. The creation of the 2 S.. state

is by electron impact. The energy level diagram shows fine structure only -
3 3

the complication of hyperfine structure is omitted. The S 1 <—> P.

optical transition is used for pumping.
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FREQUENCY

Fig. 3a Zeeman spectrum of resonances with g ~ 2 in a 2 Torr He cell

operated with very weak discharge. The presence of the free electron

resonance and the narrowness of the He resonance show that theraal

electrons are present and that little perturbation of the He is caused by

the discharge.
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I

He(23S.) *

I I j_ 1
22 26 30 34 38

FREQUENCY ( kHz) - 280200 kHz

Fig. 3b Higher resolution Zeeman speetrun of the He+(12S . ) and He*

resonances. The dominant linewidth contribution, 225 Hz, to He* is

diffusion to the container walls.
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Ho

CIRCULARLY
POLARIZED

PUMPING
LIGHT

WEAK
DISCHARGE

= F ~ ^ OUTPUT

ORIFICE

Fig. 4 Dumbbell geometry used to decouple optical pumping region from

observation region. The tuned circuit extracts angular momentum from the

polarized He nuclei via the radiation field of the maser.
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1
io*3s'

io+es' <?> USEFUL
S OUTPUT

IS
PHOTONS •s

Fig. 5 A hydrodynamic pumping analogy shoving the transfer from one

species or region to another. The reservoir on the far right represents the

non-discharge region of the dumbbell geometry having longer ground state

relaxation time than occurs in the discharge region.



220

CIRCULARLY POLARIZED 4*
LASER BEAM - * •

MIRROR

HIGH TEMP.
THERMAL SHIELD

FOAM INSULATION

LOW TEMP.
THERMAL SHIELD

NMR COILS

LIQUID HELIUM BATH

5.4 cm

71cm

3 cm

Fig. 6 Apparatus of ENS (Paris) group. A polarization of 50% at a density
18 3

1.5 x 10 /cm was attained in the 4K region of the dunbbell cell.
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Shroud

Target

I
Vacuum

Pump

V P *

A \

LASER

Beam

Mirror

Fig. 7
tube of 1 c

3 17
Schematic of target. Using a He flux of 10 /s and a target

14 2
diameter by 10 cm length, the target thickness is ~ 10 /cm

15 2
at 300K. A thickness of ~ 10 /cm is attained if the target tube only is

i

cooled to 4K. If an appropriate vacuum pump can be found which does not

depolarize He, the high pressure exhaust of this pump could be metered

back into the optical pumping cell as shown by the dotted lines.
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POLARIZED ATOMIC BEAMS FOR TARGETS

W. Gruebler

Institute for Medium Energy Physics
Eidgenossische Technische Hochschule,

ETH-H6nggerberg, CH-8093 Zurich, Switzerland

ABSTRACT

The basic principle of the production of polarized atomic hydrogen and

deuterium beams are reviewed. The status of the present available polariza-

tion, density and intensity are presented. The improvement of atomic beam

density by cooling the hydrogen atoms to low velocity is discussed. The

possible use of polarized atomic beams as targets in storage rings is shown.

It is proposed that polarized atomic beams can be used to produce polarized

gas targets with high polarization and greatly improved density.

1. INTRODUCTION

The production of polarized hydrogen and deuterium atoms by the atomic

beam method has a long history. One of the outstanding applications of po-

larized atoms is the use in polarized ion sources, where the atomic beam is

ionized to polarized positive or negative hydrogen ions, which are injected

in all typesof accelerators. The status of the ground state atomic beam po-

larized ion sources has periodically been reviewed over the past twentyfive

years and much can be learned from these review papers about the basic

principles, the technical problems and the present state-of-the art. This work

lays a firm base for the application of polarized atomic beams in polarized

targets. In the past this application has suffered from the low density of

polarized atomic hydrogen beams and therefore has only been used in a few

experiments. Recently important progress for higher beam density and inten-

sity has been achieved by cooling the atomic beams to low temperature and

store the compressed beam in a storage vessel. This makes the production of

polarized targets interesting not only in experiments in storage rings but

also in experiments using extracted high energy or secondary beams. Besides

the very high polarization - nearly 100% of the theoretical values -, the

flexibility to choose easily the polarization direction at the target and

the possibility to produce tensor polarized deuterons make such targets very
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attractive. While at present well established methods and techniques can be

used for conventional atomic beams, new promising techniques are under in-

vestigation and further new methods to be tested for targets with even highei

density are proposed in the present work. This paper first presents the basic

principles for the production of polarized atomic beams, then discusses the

polarization and density which can be achieved and will finish with an out-

look to possible improvements which may be achieved in the near future.

2. PRODUCTION OF ATOMIC BEAMS
The basic scheme of an atomic beam apparatus for polarized targets using

a thermal atomic beam is shown in fig. 1. Hydrogen atoms are generated by

Dissociator
H 2 - H+H

H(1S|/2) Stern -
Gerlach

Separation
Magnet

H H Target

Fig. 1. Schematic diagram for the -production of a polarized atomic beam for
the use in polarized targets.

dissociating molecules at low pressure in a rf discharge. An atomic beam of

thermal velocity is formed by a nozzle. This beam is polarized in passing

through an inhomogeneous magnetic field (usually either a quadrupole or a

sextupole field). This Stern-Gerlach separation of magnetic substates of the

hydrogen atoms delivers an electron polarized atomic beam. Rf transitions

are induced between hyperfine states of the atoms in order to select diffe-

rent nuclear polarization states and to provide rapid spin reversal.

The properties of a conventional atomic beam apparatus are the

following:

1. High polarization. High electronic polarization is achieved by Stern-

Gerlach separation and high nuclear polarization (95 to 100%) is pro-

duced by rf transitions.
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2. Polarization direction. The polarization of the atomic beam in a target

can easily be adjusted in any direction by low or medium magnetic fields

(15 to 1500 Gauss). This is an interesting feature for polarization

experiments.

3. Intensity I. At presenc conventional atomic beam apparatus delivers
I ft

about 3*10 polarized atoms per second.

A. Density p. Since the number of reactionsin a target with fixed geometri-

cal dimensions is porportional to the densitr of the atomic beam this

quantity is more important than the beam intensity. A beam density of
II 3

about 3*10 atoms/cm has been achieved in conventional atomic beams.

5. Change of the sign of the polarization. This feature, which is important

for any polarization experiment, is particularly interesting if high

precision is required. The reversal of the sign of the polarization can

be performed without intensity modulation and change of the beam geo-

metry.

3. SEPARATION OF THE m. - +1/2 AND m. = -1/2 STATES

This is a reminder of the method to produce an electron polarized hydro-

gen beam. Fig. 2 shows the Rabi diagram where the relative energy W/AW in

units of the hyperfine splitting AW is plotted versus the magnetic field B

in units of the critical field of hydrogen atoms B = 507 G. In an inhomo-

geneous magnetic field the atoms with m^ = +1/2 are separated from mH = -1/2,

0 2 4 B/Bc 6 8
Fig. 2. Energy-level diagram of the hydrogen atom in a magnetic field
(Rabi diagram).
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since a force

F = Meff • grad B (1)

is acting on the hydrogen atoms. The quantity yeff is the effective

magnetic moment of the particle. In atomic beam apparatus mostly magnetic

sextupole fields are used for this Stern-Gerlach separation. Such a field

configuration is shown in fig. 3, r being the pole tip radius and B the

Fig. S. Field configuration of a seotupole separation magnet.

pole tip field. The radial field distribution is given by the relation

and the field gradient by

grad |B(r)| =
->•

• r.

(2)

(3)

In a sextupole magnet with a strong field and a constant r the trajectories

of atoms entering the magnet on a radius r with an angle a can be calculated
a

by solving the differential equation

dz^ r0*
where U B is the Bohr magneton and z the symmetry axis of the magnet. The

states 1 and 2 with m^ = +1/2 have y ,,
J err

is

r(z) = AJL cos? • z + A2 sin? • z

with
ttlV Tr

and A, r • A
a ' A2

01

(A)

The solution of equation (A)

(5)

(5a)
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The trajectories calculated for T = 295°KS Bo = 1.0 T, entrance radii ra =

0, 1, 2 mm, and angles a = 0°, ±1O,±2°,±3° are shown in fig. 4. The solution

for the states 3 and 4 with m.: = -1/2 and y ff = +1<R is

r(z) = A, Cosh^ «z + k Sinh^«z. (6)

15 20 Z 25 cm

Fig. 4. Calculated trajectories for mj = +1/2 states in a sextupole magnet
for T - 295°K3 Bo=1.0 T3 ro=8 mm and ra = 03 13 2 mm and a = 0°3 1°\ 2°3
3°.

Atoms entering the magnet on the axis are not deflected out of the atomic

beam, whereas particles with large angles and radii are separated completely

from the atoms in the m-,- = +1/2 states. Most critical are atoms entering

with small angles with respect to the magnetic axis. A few such trajectories

are shown in Fig. 5 for T = 295°K, Bo
 =

a = 0°, ±1°.

T' r a = 0, 1, 2 mm and

20 25

Fig. 5. Calculated trajectories for the mj =-1/2 states in a sextupole
magnet for To = 295OK, Bo = 1.0 T, ro = 8 mm and ra - 03 13 2 mm and
a - 0° and 1°.
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4. NUCLEAR POLARIZATION FOR HYDROGEN

It is obvious from fig. 2 that the separation of atoms in the electro-

magnetic states 1 and 2 from those in 3 and 4 results; in the presence of a

strong magnetic field, in z.ero nuclear polarization since the proton spins in

each pair of states have opposite directions. In order to obtain nuclear po-

larization under these conditions an rf transition has to be induced between

a populated and an empty substate. The situation is most clearly demonstrated

in fig. 6 where the polarizations of the single components are plotted as a

function of the magnetic field of the target region. A 2 to 4 transition,

100 1000 B [G]

6. Polarization p of protons in the hydrogen atoms as a function of
l fild f th 4 il bexternal field for the 4 single substates.

induces a complete proton polarization. The same aim can be reached by the

multilevel transition 1 to 3 in a weak magnetic field, (weak field transi-

tion WF), but the polarization is inverted. While in both cases a strong

magnetic field in the target region is required, only a reduced polarization

can be achieved without transition by the use of a weak B-field at the

target.

A single state can be separated by the use of two Stern-Gerlach sextu-

pole magnets with an intermediate rf transition. This scheme is shown in

fig. 7. An additional rf transition at the end allows to change the polari-

zation direction. Although the intensity drops in this scheme by a factor 2
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it has the interesting feature that the polarization is preserved in any

magnetic fields. This makes it particularly simple to direct the polarization

vector of the target particles in x-. y- or z-direction by three sets of

SEXTUPOLE

NOZZLE

Fig. 7. Production scheme fov single substatesi.

Helmholtz coils mounted and activated correspondingly.

The different combinations of necessary target B-field, rf transi-

tions, Stern-Gerlach separation magnets (S-G) as well as the relative in-
2

tensity I, the maximum polarization Pmav and the figure of merit I p are

summarized in table 1.

Table 1

Mode

a

b

c

d

e

f

Target
B-field

weak

weak

strong

strong

any

any

Stern-Gerlach separation
(S-G) and rf-Transitions

S-G

S-G, 1 + 3 (WF)

S-G, 2+ 4

S-G, 1 + 3 (WF)

S-G, 2 + 4, S-G

S-G 2 + 4, S-G, 1+3(WF)

Substates

1 + 2

2 + 3

1 + 4

2 + 3

1

3

max

+1/2

-1/2

+1.0

-1.0

+1.0

-1.0

I

1

1

1

1

1/2

1/2

I P 2 *

1/4

1/4

1.0

1.0

1/2

1/2
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5. PRODUCTION OF POLARIZED ATOMIC DEUTERIUM BEAMS
The production of polarized deuteron targets by polarized atomic deute-

rium beams is particularly interesting since also in this case high vector

and/or tensor polarization can be obtained. While at present, in conventional

cryogenic deuteron targets the tensor polarization p is small (p__- 0.03)
ZZ ZZ

polarized atomic deuteron beams can reach p values near -2.0. Further all
ZZ

different vector and tensor polarization components of spin -1 particles

be produced in an atomic beam target.
i i I

DEUTERIUM

F* 1/2 w^—^ ^^

Fig. 8. Energy-level diagram of the deuterium atoms in a magnetic field.

Fig. 8 shows the Breit-Rabi diagram for atomic deuterium. The critical

field B is here 117 G. The separation of the electronic substates 1,2 and 3

with m. = +1/2 from the substates 4,5 and 6 with m. = -1/2 can be performed

again with sextupole magnets. The production of the nuclear polarization

occurs with the aid of rf transitions induced between different populated

and empty substates. The vector polarization p or tin of single substates

as a function of the magnetic field is shown in fig. 9. The tensor polariza-

tion p or ton as a function of the target magnetic field is presented in
ZZ £\J

fig. 10.Application of an rf transition in the weak field region, where F is a

good quantum number and where rap levels are nearly equally spaced, results

in interchanging populations of states nip and states -nip, i.e. the inter-
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0.6

0.3

I I I 1 1 1 I 1 • • • • t i l I I

10 100 B [G] 1000 100 B{G] 1000

Fig. 9. Vector polarization pz or t-^g Fig. 10. Tensor polarization pzz
of deuterons in deuterium atoms as a or t%Q of deuterons in deuterium
function of external magnetia field atoms as a function of external
for the 6 single substates. magnetic field for the 6 single

substates.

changes of substates 1<_>4, 2<_>3 and 5*̂ 6 takes place. Technically these

weak-field transitions (WF) are simple to be accomplished by the adiabatic-

passage method. Transitions involving only two levels are carried out in me-

dium or strong magnetic field. They are performed in a field strong enough

that F is no longer a good quantum number

The required combination of transitions depends on the application.

From a large variety of schemes a number of interesting combinations of

Stern-Gerlach separations and rf transitons are shown in table 2.



Table 2

Production of polarized deuterium targets

Mode

a

b

c

d

e

f

g

h

i

k

Target
β-field

strong

strong

strong

strong

strong

strong

strong

strong

any

any

any

Production scheme

S-G

S-G, 1 + 4 (WF)

S-G, 2 + 6 , 3 + 5

S-G, 3 * 5

r*4]
S-G, 3 + 5 2+3} (WF)

5+6J
S-G, 2 •* 6

1+4]
S-G, 2 + 6 3+2 [ (WF)

6^5 J

S-G, 1 + 4(WF),S-G,3+5

S-G, 2 + 6, S-G, 3 + 4

S-G, 3 + 5 , 2 + 6, S-G

S-G,3+5 , 2 +6 , S-G, 1+4(WF

Substates

1 + 2 + 3

2 + 3 + 4

1 + 5 + 6

1 + 2 + 5

3 + 4 + 6

1 + 3 + 6

2 + 4 + 5

2 + 5

1 + 4

1

4

Vector
pol.p

z

0

- 2/3

+ 2/3

+ 1/3

- 1/3

+ 1/3

- 1/3

0

0

+ 1

- 1

Tensor

pol.p
2z

0

0

0

i—
1

 
j—

1
 

1—
1

 
i—

1

-2

+1

+1

+1

relative
Intensity

I

1

1

1

1

1

1

1

N
>

 
N

>

u>
 

u>

1/3

1/3

Figure of merit

0

4/9

4/9

1/9

1/9

1/9

1/9

0

0

1/3

1/3

1
 P

2 2

0

0

0

1

1

1

1

2 2/3

2/3

H
>

 
H

>

CO
 

W

S3
u>
N>

strong B-field: » 117 Gauss
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Mode(b)and(c)give a pure vector polarization but with different signs. This

can be used to switch the sign of the polarization periodically. The modes

(d)to(g)produce a combined vector and tensor polarization with j p | = 1/3 and

I p I = 1 . Two of these modes can be combined to a measuring scheme suchI zz i

that either the sign of the vector polarization or the tensor polarization

or both signs are switched. The mode(h)with a pure tensor polarization

p = -2 can be combined either with the unpolarized mode(a)or with the pure
ZZ
tensor polarization mode(i)with p = +1. In spite of the reduced intensi-

ZZ

ties of mode(i)and(h)totally the highest figure of merit results from this

combination, namely I*(Ap ) = 2/3*9 = 6. Finally the modes(k)and(S,)are

other combinations of vector and tensor polarized beams but with higher

vector polarization and inverted signs of p .

Since the magnetic field at the target is in any case relatively low,

the sign of the vector polarization can also be easily reversed by changing

the field direction in the target region. In this case the sign of the ten-

sor polarization is unchanged.

6. DENSITY OF ATOMIC BEAMS
While the polarization of an atomic beam reaches nearly ideal values

coupled with a great flexibility, the low density of conventional polarized

atomic beams is a serious drawback for the use for polarized targets. Large

improvement is required in order to make this type of target competitive with

other methods. Since some time intensive investigations for the increase of

the density of atomic beams are performed successfully in different laborato-

ries. In the the following sections some problems are discussed.

6.1. Optical property of a sextupole magnet.

A sextupole magnet acts on hydrogen atoms with T = constant and in

states m .= +1/2 as a thick focussing lens. This property is clearly shown by

the trajectories in fig.4 for T-295°K. As the temperature (and the velocity

of the atoms) decreases the focal length decreases proportionally to the ve-

locity v. This is shown in fig. 11 by the trajectories of atoms with tempe-

ratures of 77 K.

The particles in an atomic beam formed by a nozzle at the end of a low

pressure rf dissociator have a broad velocity distribution. For this reason
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25 em

'ig. 11. Calculated trajectories for the m .=+1/2 states for T=7?°K. For
details see fig. 4. 3

the focal length for such a beam entering in a sextupole magnet changes con-

siderably and no longer produces a well focussed beam with an image of the

entrance aperture in one single plane. This is demonstrated in fig. 12 where

the velocity distribution is superimposed with a diagram of the distance of

the focal plane zf from the entrance as a function of velocity.

f,
0.9 -

0 1000 2000 3000 4000 5000 6000
velocity ms -'

Fig. 12. Maxwell velocity distribution and the cores-ponding distance zfto
the focal plane. *

This situation however can be improved by achromatic focussing using a

second sextupole magnet9. In this scheme the first sextupole magnet is

followed after a drift space, where rf transitions can be located, by a se-

cond sextupole magnet, as shown in fig. 7. Slow atoms emerging from the

first sextupole diverge rapidly due to the focussing properties as shown in

fig. 7 and enter the second sextupole at a large radius. As they are slow

they spend more time in this magnet and are bent strongly towards the axis.
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On the other hand, fast atoms accepted in the first sextupole are less diver-

gent, spend less time in the second one and are on a smaller radius. Therefore

they are not focussed so strongly by the second magnet. By this achromatic fo-

cussing the atomic beam density at the ionizer is greatly enhanced. The cal-

culated trajectories of different v for the sextupole doublet system used in

the Bonn polarized proton source 1 0 shown in fig. 13 illustrates this achroma-

tic focussing of the atomic beam into the ionization volume. A further

improvement can be obtained by several separate sextupole or quadrupole mag-

nets, using separate power supplies.

o)v= 805 m/s
b)v = M77m/s
c)v = l549m/s
d) v = 1921 m/s

f
Nozzle

' " • ' . ~

first sextupole second sextupole

10 20 cm

6mm

4

2

0

Fig. IS. Achromatic focussing: Calculated trajectories of different velocity
in a sextupole doublet system.

The acceptance of the separation magnets and hence the density can be

further improved by matching the magnets with the velocity of the atomic

tio" atoms-cm-3]sextupole rf rf

Kl

T l

T2

T2f?

ionizer

»6»tupo!e rf rf ionizer
'\U.

»r77

sexiapofesexfupofc rr rf j O n j z e r

"*7777}\ T77777n P7) fTX r r

sexiupole rf sextupole r^ i o n i z e r

i r777T77\ rT7> ^^

rn

Fig. 14. Sextupole magnet and
rf transition configuration.

-8 -6 -4 -2 0 2 4 6 r [mm]

Fig. IS. Calculated density profiles for
the configurations of fig. 14.
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beam. A fine demonstration is the investigation by Methews10 for the Bonn

source. For the different sextupole magnet and rf transition configurations

shown in fig. 14 the beam density profile in the ionizer was calculated. The

results are shown in fig. 15. It is interesting to notice that the enhancement

of the beam density by a more sophisticated magnet configuration can be sub-

stantial.

The Bonn group has investigated experimentally the density and the den-

sity increase for the magnet configurations shown in fig. 14. The observed re-

sults are presented in fig. 16 by the cross hatched bars. The empty bars are

derived values for other nozzles or nozzle conditions. The values in the

circles on top of the bars are density gains with respect to the magnet con-

figuration Kl. The average density is measured on a 3 mm diameter in the io-

nizer of a polarized ion source.

in

xlO"

8.0

6.0

o
a
C- 4.0

2.0

3 I

(W)
3

Kl Tl T2

xlO"

8.0

6.0

4.0

2.0

Fig. 16. Density measurements for the magnet configurations shown in fig. 14
on a Z mm diameter in the ionizer. The cross hatched bars are the result of a
measurement. The empty bars are derived values. 1: Laval nozzle SiO2» 2: Laval
nozzle: H3PO4 coated, 3: Cylindrical nozzle: H3PO4 coated. The values on tope
of the bars are density gains with respect to the configuration Kl.

6.2. Cooling of the atomic beam.

The density p of the atomic beam is inversely proportional to the most
-1/2

probable velocity and hence proportional to T . The solid angle ft accepted

by a sextupole magnet is given for a Maxwell velocity distribution by the

relation

Q = 2.1 -fejr2- (7)

with u_ the Bohr magneton and B the magnetic field on the pole tip.
a 0
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Therefore the density of an atomic beam after the separation magnets is

strongly dependent on the temperature:

p * T
,-3/2 (8)

For liquid nitrogen temperature a density gain factor of 7.5, for liquid hy-
4

drogen temperature a factor of 57 and for L He a factor of 590 results com-

pared with room temperature. These density gains can only be realized if there

is no intensity loss from the dissociator due to the cooling and if the geo-

metry of the beam forming apertures and the separation magnets are adjusted

adequately. A further limitation arises from the geometrical constraints of

the device in which the atomic beam is intended to be used.

Several attempts have been made to cool the atoms in the beam forming

stage by cooling the nozzle. At Bonn a 14 mm long copper canal is cooled in-

tensively by liquid nitrogen (77 K ) 1 0 . The velocity v of the beam measured

corresponds to a temperature of 145 K. At Argonne (ANL) a copper block was

clamped around the pyrex nozzle and cooled to approximately 30 K by a closed
4cycle He refrigerator system . The measured velocity v is equivalent to

110 K. These examples clearly show the inefficiency of this simple cooling

procedure. Apparently the number of collisions on the wall is too small and/or

the surface does not reach the measured temperature.

Better results should be obtained by cooling the atoms in a separate

cooled chamber, The nozzle is then mounted on this accomodator. Care has to

be taken to cause an optimum number of collisions on the wall in order to cool

the atoms but prevent an unnecessarily large recombination rate. A typical

example for this type of cooling has been investigated by Walraven and Silvera12

at very low densities.

The temperature measured at the accommodator agrees well with the tem-

perature determined by the velocity distribution of the particles in the beam.

The intensity of the H-atoms decreased at 78 K to roughly 2/3 of the room

temperature value and further cooling to 7.7 K left only 1/3 of the intensity.

This reduced atomic beam intensity with lowering of the accommodator tempera-

ture is probably due to an increase of the recombination probability Y on the

cooled wall.
t

It is well known that the y of a surface material is a complex function

of its temperature T and the density p of the atomic hydrogen gas in the
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vessel. As an example the temperature dependence of the rate of hydrogen atom

recombination on Pyrex glass and fused quartz surface13 is shown in fig. 17.

lO-'rr

= r

I0"1

io-J

10-

T I 1 1 I
TH£ORETICAl,n.lo'^tonu/cm5

0^*45 kcal/gotom
atom

o PRESENT WORK ( PYREX)
• PRESENT WORK (QUARTZ)

TSU a BOUOART ( REF 2b)
SMITH IREFZa)

4 6 8
('/T1XI03, °

10 12

Fig. 17. Temperature dependence of hydrogen atom recombination on Pyrex glass
and fused quarts surfaces. Calculated curve for p = 10^ atoms am~^.

14 -3
The calculated curve is based on a gas density of 10 atoms cm . A minimum

recombination rate is observed around a temperature of 110 K. Here, nearly

5*10 wall collisions are required for an atom in order to recombine.

For the investigation of the problems arising in the production of cooled

high density atomic hydrogen beams we have built at ETH a test bench for an

atomic beam apparatus where the connection between rf discharge tube and acco-

modator is made by a very short Teflon tube. The experimental set-up is shown

in fig. 18. The hydrogen molecules are dissociated at room temperature in a

Pyrex tube by a 27 MHz rf discharge and the produced atoms are transferred

through a short Teflon tubing to a copper accommodator which for some experi-

ments is coated with a thin Teflon film. The accommodator is cooled by a

closed cycle He-refrigerator. A short nozzle, a skimmer and a collimator at

the entrance in the magnet chamber form the particle beams. Two sextupole

magnets allow us to study the effect of the desired atomic states. In this
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HE-REFRIGERATOR

QUAORUPOLE MASS

S1XTUP0LE MAGNETS CHOPPER

ORBITRON
PUMP 9001/sec

JUL

io-e

Torr

H2 (3 Torr)
I "" IONIZATION

701/sec G A U G E

TURBO-MOLECULAR
PUMP

500 I/sac

ROOTS PUMP

5000 I/sec 5000 I/sec

DIFFUSION PUMPS

Fig. 18. The ETH experimental test bench arrangement for cooling a high
density atomic beam.

arrangement the solid angle accepted by the system is essentially limited by

the geometry. For optimal transmission the field at the pole tips has to be

reduced with the velocity decrease, this almost ruling out the temperature de-

pendence. A third sextupole magnet was replaced by a velocity selector in or-

der to study the velocity distribution of the produced atomic or molecular

beams. These investigations are carried out for judging the efficiency of the

cooling, the properties of the beam forming elements and the degree of disso-

ciation obtained in the atomic beam. The measurement of the density of the

beams is accomplished by a quadrupole mass spectrometer with a cross beam ion

source. The intensity of the beams is measured in a compression tube containing

an ionization gauge. The velocity measurements have been tested with molecular

hydrogen and deuterium beams as well as with helium beams. The results of

these investigations show that the cooling of the particles in the accommoda-

tor behaves as expected. A typical example for a cooled atomic beam is shown

in fig. 19. The experimentally determined width (FWHM) is about half of the

width of the Maxwell distribution. The increase of the most probable velocity

compared to the accommodator temperature and the decrease of the width arises

from the gasdynamical character of the beam forming and expansion of the atomic
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Fig. 19. The velocity distribution of an atomic hydrogen beam measured at ETH
atomic beam apparatus. Temperature of the accommodator 20 K. Pressure in the
dissociator p =3 torr.

o

gas from the accommodator into the vacuum.

In our experimental arrangement we measure the gas flow and the pressure

in the dissociator. This gas at room temperature can approximately be conside-

red as stagnant. For our geometry the conditions in the dissociate are almost

independent of the temperature in the accommodator. In this case a constant

flow of atoms is supplied. In the accommodator region, the density and pressure

are given by the flow conditions at the entrance and exit apertures. Therefore,

provided one has a constant gas flow through the system, the pressure in the

10

300 250 200 150
T[K]

100 50

Fig. 20. Intensity of the atomic beam as a function of the accommodator
temperature for p -3 torr in the dissociator.
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accommodator varies essentially as yT and the density as 1//T. Hence, the in-

tensity of the atomic beam stays constant as a function of the temperature,

if the recombination is independent of the temperature. The result of the measure-

ment with a Teflon coated accommodator and for a pressure pc= 3 torr in the disso-

ciator is seen in fig. 20.In the temperature region between 100 K and 300 K

the atomic beam intensity is nearly constant. At lower temperature a fast in-

tensity drop is observed reaching at 50 K about half of the original value.

A similar behaviour is observed for the density P of the atomic beam. This is

shown in fig. 21. After an increase of about a factor 2.5 due to the lower

velocity of the beam a sharp decrease is measured in the temperature region

of 50 K. Intensive investigations with atomic and molecular beams show that

the intensity and density drop is mainly caused by recombination on the con-

taminated accommodator surface. Covering the surface of the accommodator by

a material with low recombination coefficient at this temperature is able to

prevent the strong recombination in this temperature region. Different methods

to improve the surface conditions have been tried successfully. As an example

the result of molecular hydrogen treatment at the lowest reachable temperature

of 16 K is shown in fig. 22. The curve 1 shows the behaviour without

15 r

1.0

room

~ ttmpcroture
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40
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20

Fig. 21. Density of the atomic beam
as a function of the accommodator
temperature for p=3 torr in the
dissoaiator.

Fig. 22. Behaviour of the density of
the atomic beam at low accommodator
temperature. Curve 1 without treatment.
Curve 2 with H2 treatment.

treatment as seen in fig. 21. After flushing for several minutes

with H 2 and warming up, the beam density reaches a new stable

maximum of the same value but at a substantially lower temperature. This be-

haviour is indicated by curve 2 in fig. 22. Investigations with different
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gases show that surfaces with better properties than the one naturally ob-

tained under the operating vacuum conditions can be produced and maintained

and that a cooled atomic beam of about 30 K can be produced with a density

substantially larger than at room temperature. The narrow velocity width of

this beam will facilitate strongly the design of the separation magnets in

order to obtain a large solid angle of acceptance.

6.3. The separation magnets

At ETH we have developped two types of sextupole magnets 10 and 15 cm

long, which are designed in a modular technique such that the pole pieces can

be changed in a simple way. Computer programs have been developped to analyse

a variety of configurations by the acceptance diagram technique and to calcu-

late single trajectories of electron polarized atoms for lens systems of up

to four sextupole magnets. In practice, we have in an atomic beam a velocity

distribution similar to fig. 19. The behaviour of the trajectories of atoms

starting on the axis with an angle of 5 and velocities between 525 ms~ and

975 ms (which corresponds about to Av in fig. 19) is shown for a four sextu-

pole magnet system in fig. 23. Most of the atoms are 40 cm after leaving the

magnet system still within a reasonable diameter, however, a part of

atoms from the velocity spectrum is lost due to overfocussing of these par-

ticles. Misleading results can be obtained if not enough trajectories are

investigated. So, if only the three velocites 525, 750 and 925 me- would be

considered one would conclude erroneously that a perfectly convergent beam

would be obtained in the : target region. Intensive computer simulations

for optimizing the geometry of the sextupole lens system, using the velocity

distribution found from cooled beams and for realistic starting conditions,

are necessary in order to obtain a maximum acceptance and transmission of

the separation magnets for high density beams for targets.

In summary, the improvements obtained by an atomic beam cooled to a tem-

perature of 30 K and the new design of separation magnet systems will result

in a beam intensity of several 10 atoms per second with a density over
1 o _Q

10 atoms cm . Further increase of these values can be gained by cooling

to lower temperature. One has to keep in mind, however, that the very short

focal lenghth of sextupole magnets will then make it increasingly difficult

to conciliate high density and beam transportation over longer distances.
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Fig. 23. Calculated trajectories of hydrogen atoms starting at velocities
between 525 and 975 ms"1 and an angle of 5° on the axis. The plot gives the
radial distance of the atoms from the symmetry axis of the magnets.

For this goal large investigations are required in order to solve the phy-

sical and technical problems.

7. USE OF POLARIZED BEAMS FOR TARGETS
The improvements in the density of the atomic beams discussed in the

preceeding chapter make the direct use of an atomic beam as a target attrac-

tive for internal polarized target. In this application the crossed beam

technique can be used. With a small angle (~10°) between the crossing

beams, an intersection region of about 10 cm can easily be obtained. This

results in a windowless target with a thickness of ~10 atom cm . The atomic

beam can be catched in a beam dump which is differentially pumped by several

stages. Titanium-and Cryogetter-pumps have a high pumping speed for hydrogen

and are therefore interesting for this application. Since the loss of par-

ticles along the path of the atomic beam through the accelerator or storage

ring is low the vacuum problems in the intersection region can be solved.

Higher target density can be obtained by storing the polarized atoms in

a target vessel. In this technique the atomic beam enters through a opening
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movement of the atoms is transformed to a stagnant atomic gas. The con-

ductance of the beam entering the vessel is infinite, whereas the conductance

of the atomic gas for leaving the container has a finite value. For this rea-

son the atomic hydrogen is accumulated in the target cell. Precaution has to

be taken that recombination and depolarization on the wall surface is low.

At room temperature teflon has a low surface recombination coefficiency

Y = 2.10 compared with a y = 2.10" for Pyrex or quartz. This value for

teflon however increases substantially with decreasing temperature. For the

temperature around 10 K a molecular H2 surface provides a low recombination

and at very low temperature liquid ^He is a suitable surface in order to

prevent rapid recombination. A molecular hydrogen surface is quickly formed by

recombination of atomic hydrogen on a cold surface with high recombination rate.

The particle density of such a gas depends on the number of particles Io

entering the target cell, the conductance of the entrance tube and the tempera-

ture T of the target cell. The number of particles leaving the target through

a tube of radius r and length I is for molecular flow Iex = Kjr p • vo(Trr
2) with

the Clausing factor K = •=• —•. In equilibrium Iex = Io one obtains a density

2TTT 3-V O

-1/2which is proportional to T .

Cooling a target cell to 10 K can be achieved by conventional technique

with large cooling capacity. At this temperature an H2 surface with low recombi-

nation coefficient is formed automatically. Here an example will be given.

Assuming an entrance tube of a diameter r = 0.4 cm and a length Jl =8 cm (—=20)

gives a conductance C = 0.8 £s~ for atomic hydrogen gas leaving the cell in

the molecular flow regime. Assuming further an atomic beam intensity l= 3*10

atoms s entering the cell, the equilibrium gas density in the target cell

i s 14 -3
p a 4.4*10 atoms cm

according to rel.(13). This is shown in fig. 24 a.

It has been proposed that the conductance of a opening can be further re-

duced by using a multi-capillary bundle of the same area. For the same —

ratio of the capillary, however, the conductance stays the same. Lower con-

ductance can be obtained by using a larger •* ratio. So for instance a value

0 r

•*• * 100 (e.g. r • 0.1 mm Jl • 10 mm) would give a 5 times smaller conductance

and therefore a correspondingly larger target density (c.f. fig. 24 b):
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Decreasing the temperature of the target cell to below 1 K (with target cell

surface covered with L He) would increase the density by another factor 5. The

flux of atoms flowing out of the target cell, can also be reduced by systems

with pumping effects. A heat pipe system working with liquid helium has been

tried by Silvera et al.llf. A reduced conductance in the entrance tube of a

factor 79 has been reported by these authors11*. A similar device may be

possible at higher temperature using Ne as a working fluid.

Finally the possibility to pump stable atomic hydrogen gas with a diffu-

sion pump should be investigated. Helium or molecular hydrogen could be used

as working fluid. The recombined unpolarized molecular hydrogen gas would be •

separated by cryo-pumping. If such a diffusion pump would work large pressure

ratios could be obtained. Even with a substantial loss of atomic gas by recom-

bination a target rell could be filled to a high density.

T*3OK

Target cell
T=IOK,p = 5 - 1 D 1 4 cm" 3

, ,0 00 .

H-beom d\

8 cm

H-beam

TOOK

T'lOK.p
Capillaries.
l/d»f

_ n n15 -3
2'10 cm

b

Fig. 24. Examples for target cells filled with a -polarized beam.
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8. CONCLUSIONS
The use of polarized atomic hydrogen beams as internal targets in acce-

lerators or storage rings has many interesting advantages:

High polarization. The nuclear polarization of the atomic beam is larger

than 95%. This feature is particularly interesting for tensor polarized

deuteron targets.

High flexibility of the polarization. The direction of the polarization

can be changed easily by weak or moderate magnetic fields at the target

position. In a deuteron target pure vector or tensor polarization or a

combination of both can easily be achieved. The orientation of the po- •

larization in any direction with respect to the accelerated beam allows

to investigate the effect of all three tensor components t20, tj-i and

t«2 °f the deuteron.

Polarization reversal. The sign of the polarization can be reversed by

rf transition in the neutral beam with kHz rate. This method prevents

shifts of the atomic beam position and since no change of the magnetic

field at the target position is involved there is also no change of the

charged particle trajectories of the stored beam.

Moderate magnetic field. The target requires only weak or moderate magne-

tic fields at the target position in order to define the direction of

the polarization.

High purity. The atomic beam contains pure hydrogen or deuterium and no

other atoms like carbon or oxygen.

Open geometry. The moderate magnetic fields can be produced by Helmholtz

coils, which allow to detect the product particles of a nuclear reaction

practically in any direction.

Density and thickness of internal targets. The new generation of atomic
13 -3beams will have densities in the order of 10 atoms cm . Target thick-

14 -2
ness of "10 atoms cm can be produced.

Moderate cooling technique. The cooling of the atomic beams requires only

conventional cooling techniques.

Stored polarized atomic gas. If needed, the target density can be in-

creased by accumulating the atomic gas in a target cell. Density of

10 atoms cm can be obtained, ultimate density in the 10 atom cm~
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17 18 -2

thickness of 10 to 10 atoms cm . In this case, however the flexi-

bility in changing the polarization is reduced by the probable necessity

to use pure states only in'order to avoid fast recombination.
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STORAGE CELLS FOR POLARIZED HYDROCEN

T. Wise and W. Haeberli
University of Wisconsin, Madison, Wisconsin 53706 U.S.A.

1. INTRODUCTION

The most straightforward way to produce a polarized gas target of H or

D atoms for applications in storage rings is the use of a free jet of

polarized atoms from an atomic-beam source. Such targets are free of

contaminants, require no walls near the target volume, have high

polarization, allow for rapid polarization reversal by RF transitions,

require only a very weak guide field and, for deuterons, permit free choice

of vector or tensor polarization. The only drawback is the very low target

thickness which such a free jet presents to the circulating beam. Here we

will discuss whether most advantages of a free jet target can be

maintained, but the target density enhanced, by dynamic storage of H and D

atoms in a target vessel. The vessel, of course, will require openings for

entry and exit of the circulating beam, and for admitting a directed beam

of polarized atoms to the vessel. We label the method dynamic storage,

because the density of atoms in the vessel is the result of dynamic

equilibrium between atoms flowing in and out of the vessel. The first

demonstration of this method was reported by the group at Wisconsin1 in

1960.

Below, we will first collect the necessary formulae for later

convenience (Sec. 2). We will then consider what densities might be

expected for a practical storage cell at room temperature (Sec. 3).
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Finally, we consider the possibility of increasing the density by cooling

the cell (Sec. 4).

2. BASIC RELATIONSHIPS

We assume that N atoms per second are injected into a storage cell

(Fig. 1) and that these atoms flow out of the cell through various

openings. The density of atoms in the cell, n, will build up to the point

where ihe net flow out per unit of time equals N. The flow out, in turn, is

determined by the pumping conductance C of the opening. If the openings

are tubes of diameter A± and length jf^, the conductance in cm^/sec is

(Ref. 2)

1.33
A; - "-

where the sum extends over all openings. Here, T is the absolute

temperature (in K) of the gas, and M the molecular weight. Bq. (2.1)

requires corrections if the diameter of the vessel is not large compared to

the diameter of the tubes, but these can be neglected for present purposes.

The number of atoms per unit volume in the cell can now be expressed as

n = N/C <2-2>

Other quantities of interest are the average dwell time £*of atoms in

the cell, and the average number V of wall collisions the atoms suffer

before escape. Obviously, if V is the volume of the cell, and C the

pumping conductance,X. will be of the order

X - V/C (2-3)
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If the average speed of the atoms is v, the number of wall collisions

during time *£ is

V = v

where X characterizes the distance the atom travels between successive

wall collisions. We will use average values for each of the quantities on

the right-hand side of Eq (2.4), but it should be kept in mind that this is

only an approximation. If we use v = "v = [8kT/jr m]^'^, we obtain

v = 1.45x1O4 (T/M)1/2 an/sec, (2.5)

and

V - 3.8 v>2, d±3/(| ± + 1.33 di). (2.6)

It is useful to note that ̂  is a geometric quantity independent of the

mass or temperature of the stored atoms.

3. STORAGE CEIL AT ROOM TEMPERATURE

The simplest arrangement is a storage cell at room temperature, fed by

a standard atomic-beam source. In order to be definite, we use the

parameters of the atomic beam developed by Penselin at Bonn.^ The reported

intensity of hydrogen atoms is N = 3x10^° atoms/sec within a 0.7 cm

diameter. The atoms are in a pure spin state.

We assume a cell of the configuration shown in Fig. 1, with a 0.7 cm

opening of 10 cm length for entry of the atomic beam and 0.5 cm openings of

10 cm length for the circulating beam. Should the circulating beam

initially (e.g. before cooling) require a larger aperture, the cell could



be spl i t length-wise so that i t can be opened (clam-shell ce l l ) . For the

above dimensions, the pumping conductance for hydrogen atoms i s

C = 3.5X1O5 cnP/sec (3.1)

which leads to

n(H) = O.9x1O13 m'3. (3.2)

For comparison, assume that we used the free atomic beam as a target. The

measured average velocity of the beam is 1.5x1 (P cm/sec, so that the number

density, averaged over the 0.38 cm2 cross section of the beam, is n ^ =

5.3x1O11, or a factor 16 less. To convert n to a target thickness requires

an assumption about the acceptable maximum length of the effective target.

If we assume a target of 10 cm length, the target thickness for the cell

becomes roughly 101/* atoms/an2.

A cell of this type has a volume V ~_ 50 cm*, thus

= V/C ~ 15 msec. (3.3)

This dwell time is short enough that it is possible to reverse the

polarization of the sample several times a second.

The most important, and also the most difficult questions to consider

are recombination and depolarization of atoms in wall collisions. From Bq.

(2.6) we find

y ~7xio5 (3.4)

where we assumed A - 1 cm. In connection with hydrogen masers, Kleppner

et al.4 have developed wall coatings which permit some 104 collisions
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before depolarization or recombination. Thus there is good reason to think

that for the cell considered here wall problems can be handled.

Our discussion does not mean to suggest that n = 101* atoms/cnK

represents a limit. The intensity from atomic-beam sources is improving

steadily. In particular, work on cooled dissociators shows promise of

increased acceptance angle of the six-pole magnet, and improved beam

intensity. An atomic beam of low velocity is advantageous for a free Jet-

target, since the density in the Jet increases as 1/v. However, for use

with a storage cell we are primarily interested in the number of atoms,

irrespective of their velocity, and in the diameter and divergence of the

atomic beam, since these two quantities determine the size of the opening

and thus the pumping conductance. In any case, whatever improvements are

made in the output of atomic-beam sources will benefit the target density

in the cell in proportion.

Use of such cells for nuclear reaction experiments may require thin

windows for exit of charged reaction products from the cell. The use of

thin Teflon windows suggests itself, since wall coatings of the same

material are known to be advantageous. Such windows were used successfully

in a first experiment with a dynamically stored target of hydrogen1.

4. COLD STORAGE CELLS

,1/2Since the gas conductance is proportional to T1'*1, the target density

is expected to increase like T~1'2 if the temperature of the cell is

lowered. Use of a cold cell does not necessarily require that the injected

beam be cold, lince the atoms will be cooled to cell temperature in the
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first few collisions, and the heat load from the injected hot atoms is

small.

The design of storage cells at various low temperatures requires

suitable wall properties to avoid depolarization and recombination. While

one might assune that the sticking probability and thus the recombination

rate of a given surface increase with decreasing temperature, this is not

in fact the case. Measurements^ on Al surfaces coated with AL^O^ show a

deep minimum in the recombination rate between 100 K and 140 K. The

measured recombination probability is < 3x1 (T^ for H and D. At ultra-low

temperatures (< 0.3 K) wall coatings of superfluid helium offer a unique

solution. Application of ultra-low temperatures will be discussed in

another paper at this workshop. Here we want to consider whether cells at

temperatures easily reached with liquid He are promising to investigate.

If the vessel is lowered to the liquid helium range the achievable

target density depends on several additional factors. On the basis of

conductance alone one predicts a density of 0.9x101^x(300/5)>,'2 =

7x1 O^ atoms/as? for the geometry of Sec. 3 at 5 K. In the temperature

range from 1° to 10° K it is necessary to consider the effect of atomic

hydrogen interaction with a frozen H 2 wall and also the fact that the vapor

pressure of H 2 presents a background of unpolarized atoms in the cell.

We first compare the vapor pressure of H 2 (Fig. 2) to the pressure of

atomic hydrogen gas of density 10* ̂ atoms/an*. It is seen from the figure

that at 4.5 K the equilibrium density of H 2 gas will be roughly 1056 of the

atomic hydrogen density. The fraction of H 2 background atoms rises very
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rapidly with temperature so that already at 4.8 K more than 5O# of the

atoms in the target arise from H£.

Consideration of the interaction of atomic hydrogen with frozen H2

surfaces places further restrictions on the wall temperature of a storage

vessel. The average sticking time i^ of an H atom on frozen K 2 has been

studied by Crampton et al.° They find a temperature dependence of e^9'Q'™

where 39.8 K is their measurement of the binding energy of H on H2. Their

result for ta at 4.2 K is 40 nsec. Extrapolation to 1 K gives t^ - 1 week.

Long adsorbtion times result in recombination and/or depolarization of the

sample gas. The relevant experimental task, then, is to maximize target

polarization by finding the optimum temperature such that depolarization

from spin exchange on the wall and depolarization from the presence of

background gas are nearly equal in size.

The problem of background gas may be substantially reduced by the use

of frozen neon walls. As can be seen in Fig. 2, the vapor pressure for Me

at 10 K is similar to that of H 2 at 5 K. The adsorbtion of H on solid Ne

has been studied recently by Anderson et al.? over the temperature range 6

to 11 K. They observed a binding energy of 34 K for H on Ne, about the same

as for H on H2. On the assumption that depolarization of the target from

wall collisions is proportional to ta a significant improvement in

background can be expected by holding the storage vessel at, say, 7.8 K

where ifre density of neon nucleons is 10 1 2 cm~^.

It was reported at this conference that an atomic maser using frozen

neon walls has been successfully operated, and storage times as long as 0.1

sec have been observed8. Following the results of Ref. 9, the previously
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reported difficulties^ in forming a uniform neon coating have apparently

been solved by condensing the neon on the walls at temperatures above the

triple point. Thus the outlook for a storage vessel with frozen neon walls

is quite good.

Finally it must be mentioned that an internal target for a high energy

beam must meet several additional requirements. Ionization of the atoms in

the target represents an additional loss factor. Intense ultraviolet

radiation in the vessel may degrade the wall coating. In the case of

frozen gas walls the coatings must be reestablished in a vacuum separated

from the circulating high energy beam. While not necessarily a central

issue, these factors must be considered in the successful design of a

storage vessel.
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1. INTRODUCTION

Recent experiments using thermal beams of nuclear-spin-polarized
alkali atoms adsorbed on hot metal surfaces show that polarized nuclei
are sensitive probes of surface electromagnetic fields. The power of
this technique resides in its combination of the rich variety of nuclear
magnetic dipole and electric quadrupole moments with atomic polarization
monitoring schemes. Thus one can sample different features of surface
magnetic fields and electric-field gradients by varying the probe species
or the polarization state of the atomic beams—while still retaining the
high counting rates typical of beam-foil or laser-induced fluorescence
detection cross sections. In a sense, this is a perfect marriage of
nuclear sensitivity and specificity with large-cross-section atomic
detection processes.

In the context of spin-polarized targets, surface spectroscopy with
polarized nuclei offers a powerful new tool for measurement of nuclear
spin-relaxation parameters under various wall conditions. Moreover, the
high degree of achievable probe-beam polarization allows one to work at
low surface coverages, thus separating the effects of surface inter-
actions from those of depolarizing intraspecies collisions on the walls
or in the target volume. Perhaps even more important, surface studies
with polarized nuclei permit microscopic studies of the underlying
depolarization mechanisms—and hence open the prospect of estimating or
calculating depolarization rates from first principles.
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In this paper, the following topics are considered:
(1) generic treatment of nuclear spin relaxation on surfaces;
(2) spin relaxation e/periments with polarized alkali nuclei on hot

transition-metal surfaces; and
(3) prospects for studyin spin relaxation of hydrogen and other

polarized nuclei on arbitrary surfaces.
The experimental results achieved thus far have been mostly for poly-
crystalline materials. But while this might be considered a weakness for
basic surface-science studies, it in fact shows the power of the
technique for polarized target applications. Polarized target walls,
after all, are unlikely to be single-crystal surfaces!

2. NUCLEAR SPINS ON SURFACES

In a surface spin-relaxation experiment, shown schematically in
Figure 1, one has a nucleus with known moments M interacting with a
distribution of charges (including its own atomic-core electrons, if any)
whose net effect is described by a set of multipole fields V. . In
Figure 1, the z-axis is defined by the external guide magnetic field
perpendicular to the surface and is at the same time the quantization
axis. The x- and y-coordinates are defined to be in the plane of the
surface. In the following development, spherical tensor notation will be
used to describe operators and fields. For reference, it is useful to
remember that the multipole fields V^ and the spin operators M. have
only (Cartesian) z-components for q = 0, and only x- and/or y-components
for q ^ 0 .

The Hamiltonian describing the interaction of the nucleus with its
electromagnetic-field environment is^

V q « N . (i)

The term with k=q=O is the electric cnarge of the nucleus and has no
effect on the spin. The terms in V, and M, are related to the surface
magnetic fields and the nuclear magnetic-dipole moments, respectively.
The second-rank multipole fields V2 are functions of the electric field
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gradients, and interact with the nuclear electric quadrupole moments.

All of the multipole fields are time dependent.

In a typical S>pin-£olarized Mjclear Surface Spectroscopy (SPNSS)

experiment, a static magnetic field is applied to define the quantization

axis. This field is strong enough (several hundred ml") to couple to the

electron magnetic moment and thus prevent depolarization due to the

hyperfine interaction during the time-of-flight of the spin-polarized

atoms from the source to the surface. Given the time scale of the

fluctuations in the surface fields V. which lead to depolarization, it

is reasonable to describe the nuclear spin states as eigenfunctions of

the Hamiltonian $L in this field, written symbolically as |Im>.

Assuming that the nuclear state is describable by the set {N ^ of

spin-state occupation numbers, one can write a set of master equations

for the change of these spin populations during the interaction time T on
3

the surface as

(2)

where the transition probability Q .is
mm

<Im|H(t) llm'xlm, |H(t') |Im>* .< , (t'-t)] dt, + c.c

(3)

Here wm> = (Em- Em)/n is the transition frequency and the E are the

eigenergies of the nuclear states in the magnetic field B . The bar

above the matrix elements denotes averaging of the statistical ensemble

of probe particles. Using the Hamiltonian of Eq. (1), it can be shown

that

1
c—•

Q
mm'

T T \t T T \t •
vm -m'q / xm Hfn, q';

(4)
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kk'where the reduced matrix elements are just nuclear moments and J U .)mm
is the spectral density function at the magnetic-substate transition

kk'frequency u>_i. The form of the spectral-density function J (u> .},mm mm
is not known £jp_riori, but it can be inferred from reasonable assumptions
about the fluctuations in the surface fields which cause the depolariza-
tion by creating disturbances at frequencies u> , close to the Larmor
frequency of the nuclear spin.

If one measures magnetic-substate populations directly, substitution
of the expression for Q , into the master equation yields the time
dependence of the m-state populations on the surface fields directly.
If, on the other hand, one is measuring the beam polarization, one has to
make the additional step of computing the depolarization rates directly.
The nuclear polarization t. in spherical tensor notation is just

•ko
VVl K A NZ_Am o m/ m (5)

where N is the occupation number in the magnetic sublevel m. In this

case, then,

(6)

Thus one obtains a set of coupled differential equations relating the
time history of one polarization to the values of all the other
polarizations and to the surface fields (contained in the Q m mi).

3. SPIN-RELAXATION EXPERIMENTS ON METAL SURFACES

The polarized alkali atomic-beam source in Marburg has produced
multinanoampere beams of °Li, 'Li, and "Na. Relevant nuclear
properties of these beams are summarized in Table I. A line drawing of
the source is shown in Figure 2. The atomic alkali vapor is produced by
evaporating lithium or sodium metal in a small oven. The thermal beam
emerges through a nozzle-and-skimmer combination into a six-pole
(separation) magnet, which focuses atoms with one electron spin while
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defocussing atoms with the opposite spin. Polarization of the atomic
nuclei is achieved by u\ adiabatic radio-frequency transition in a
magnetic field following the sextupole magnet. The polarizations
achievable for some representative RF transitions are shown in Table II.

A detailed drawing of the surface-interaction region is in Figure 3.
The surface sample, approximately one centimeter in diameter, is
suspended by a pair of wires from tantalum supports. The surface is
heated by a small electron gun located behind the surface; the
temperature is controlled by changing the electron-gun current vi*. a
feedback loop. The surface sample also sits between wire loops which
provide the alternating B-field for nuclear-magnetic resonance
experiments. The entire assembly sits inside the bore of a large
solenoid which provides the guide magnetic field (up to 300 mT) defining
the quantization axis for the beam polarization.

On the heated metal surface, a significant fraction of the adsorbed
nuclear-spin-polarized atoms desorb as ions. In the experiments reported
here, only the desorbing ions are detected; their polarization is
measured by beam-foil spectroscopy. Ions desorbing from the surface
are accelerated away from the surface region by a triplet electrostatic
lens located just above the NMR coils. An electrostatic mirror then
deflects the ions 90° away from the atomic-beam-source axis, onto a
thin carbon foil. The ions—now accelerated to 10-20 keV have a
relatively high probability for capturing an electron in an excited
state. During the time between capture and decay, the electron interacts
with the nucleus via the hyperfine interaction and begins to depolarize
the nucleus. When the electron decays to its ground state, the
polarization of the light gives a relative measure of the nuclear
polarization.

With this apparatus, three different kinds of experiments have been
performed, each shedding light on different features of nuclear
depolarization on surfaces.

• \ 3.A. SPIN RELAXATION STUDIES

Studies of quadrupole relaxation on hot surfaces as a function of

temperature have shown that there is both a "kinematic" component (due to
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the exponential dependence of the mean residence time on temperature) and
a "dynamical" component due to diffusion on the heated surface. Such
experiments provide not only information about the relaxation rate as a
function of temperature, but also on the relative sizes of various

components of the electric field gradient. For a spin-3/2 particle
23 1

(e.g., Na), the rate equation for the vector polarization t.Q is

dt '10 -t,10

t30

-

9

(-) (eQZ
5

iii2 + - (eQ
11 5

ueQ Re (V21

) (|Vo | 2 -

) (lv21l

v u*)

|v22l
2)

+ 4 V22' '.

>

(7)

where t? is the correlation time (inverse of the surface-diffusion

frequency), p is the nuclear dipole moment and eQ the nuclear quadrupole
23moment. For a probe with a large quadrupole moment like Na, the terms

containing the magnetic dipole moment p are relatively small. Moreover,
by choosing a beam preparation with small second-rank polarization tpQ,
one can effectively neglect that contribution to the polarization
transfer. Hence it is possible, in principle, to measure the relative
strengths of V̂ -, and V 2 2—that is, the in-plane and out-of-plane components
of the field gradient—by measuring the changes in t,Q for different beam
polarizations.

Figures 4(a) and 4(b) illustrate this point. In Figure 4(a), 23Na
is incident on a clean Ir surface. The beam polarizations are shown for
two different strong-field transitions (SFTs). Some time spent with the
rate equation will show that the SFT (3-7) polarization can be consist-
ently less than (i.e., relax faster than) the SFT (4-6) only if Vp, > V 2 2 .
For the experiment shown in Figure 4(b), the situation is the reverse: for

Na on an oxygen-covered Ir crystal, V?2 > V21 . Indeed, one can take
ratios to find out how the field gradients vary quantitatively with
different surface conditions.7
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Similar experiments have been done to look at magnetic relaxation

effects in 6|_i. However, unambiguous interpretation of these relaxation

experiments are complicated if, as appears to be the case for Li,

electric-field-gradients and fluctuating magnetic fields compete in the

depolarization process.

3.B. LEVEL-CROSSING EXPERIMENTS

While spin relaxation experiments determine ratios of electric field

gradients, level-crossing experiments allow the direct measurement of

v22 (v Z 2).
The Hamiltonian for a particle with both a nuclear dipole and

4
quadrupole moment in a magnetic field is

H = HD + HQ = -mBvp + eQVzz 3IJ - 1(1+1) +•§ (1+ +I_ ) , (8)

where v is the dipole moment, (eQ) is the quadrupole moment, and I, I ,

I+, I_ are the usual angular-momentum operators. The quantity e is

V - V
e - xx yy .

Vzz

it thus represents the part of the quadrupole interaction which is not

symmetric with respect to rotations about the z-axis.

If e were vanishingly small, the energy levels of the nucleus in a

magnetic field would follow the solid lines in Figure 5. At the indicated

values of the field, the levels would cross and, if the perturbation were

sufficiently sudden, the original eigenstates of the system would be

unperturbed and there would be no change in polarization. However, for

finite values of e and for adiabatic perturbations, the level crossings

are avoided, and the magnetic substates change in the vicinity of the

crossing fields Bj and B2. The position of the crossings Bj and

B2 are directly proportional to the field gradient Vzz.
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23In Figure 6 is a magnetic-field relaxation curve for Na on an
oxygen-covered tungsten crystal. The fields B. and Bo give a field

15 2gradient V s 2.4 . 10 V/cm seen by the nucleus as shielded by
the core electrons. It should be noted also that this is the value of

23

V in the vicinity of the polarized Na nucleus at its character-
istic equilibrium distance from the surface.

3.C. NUCLEAR MAGNETIC RESONANCE EXPERIMENTS

Perhaps the most exciting experiments made possible by the SPNSS
0

technique are nuclear magnetic resonance studies of surfaces. As in
the level-crossing experiments, the surface parameter one measures is the

* •«

EFG-component V . ' •' •
In a conventional NMR experiment, the polarization is created by a

large magnet and then perturbed by an RF field. Because the nuclear
polarization produced by the static magnetic field follows a Boltzmann
distribution, it is necessarily small. Moreover, the requirement for high
sample density then strongly limits the kinds of surfaces on which NMR is

q
possible. In spin-polarized as in conventional NMR, different
preparations of the nuclear spins can be used to reveal, for example, the
sign as well as the magnitude of a surface magnetic field or an electric
field gradient. However, unlike the usual case, the RF signal is used
only to produce the change in polarization; it does not simultaneously
provide the resonance signal. Instead, the nuclear polarization of the
ions (or atoms) desorbing from the surface is measured as a function of
the RF-signal frequency to provide a resonance curve.

One example of the NMR experiments done to date is the demonstration
of multiple-quantum transitions (Figure 7) with Li (spin 3/2) on a W(0)
surface. The spin-state preparation is as indicated. The broad, shallow
structure at the top of the curve is a superposition of the three Am = 1
transitions, which are run together because of the broadening of the
levels induced by the high RF power level. The two sharper resonances
flanking the central downward spike are Am = 2 transitions—which can be
identified from their frequencies. The third dip is due to a Am = 3
transition, identifiable because only that transition can make the
polarization vanish.
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These types of NMR measurements are made possible by the high nuclear
polarization of the incident atomic beam and by the high sensitivity with
which the polarization can be detected.

4. FURTHER DEVELOPMENTS RELEVANT TO POLARIZED TARGETS

The primary quantities of interest for polarized target experiments
are the depolarization rates for a given nucleus on a given surface as a
function of residence time. If one knew the relevant field gradients and
magnetic fields, the relaxation rates could be calculated, at least in
principle; however, in practice, these quantities can probably only be
determined well for single-crystal surfaces. Hence SPNSS experiments are
needed to determine relaxation data on specific systems. But this re-
quires that the technique outlined in Section 3 be generalized to various
nuclei of interest in polarized targets, to essentially arbitrary
surfaces, and to detection of either atoms or ions. The elements of such
generalized SPNSS experiments are shown schematically in Figure 8.

The broad spectrum of available polarized atomic beams makes the first
question of generalizability almost trivial. Polarized nuclei of
virtually all the alkalis can be produced, either by the atomic-beam
method described here or by means of optical pumping. Hydrogen and
deuterium atomic-beam polarized sources5 have a long history in
low-energy nuclear physics, and the existence of a polarized-triton source
(albeit of the Lamb-shift type) demonstrates that this could be done as
well.*0 Other beams produced by this standard technique include
chlorine, fluorine, and nitrogen.^ A second interesting class of ion
sources produces polarized nuclei via the hyperfine interaction by
polarizing electrons with optical radiation. Polarized ^He nuclei have
been produced in this way, as have polarized alkalis.*"* In general,
this approach appears to work best for "one-electron" atoms. It should
also be noted that optical pumping is an effective means of producing
oriented radionuclides at the output of a mass separator. A third
class of ion sources having broad general applicability are the so-called
"spin-transfer" sources. In this scheme an electron-spin-polarized
beam—produced, say, by optical pumping or even in a Stern-Gerlach
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apparatus—Interacts with a beam of atoms to be polarized. The hyperfine
interaction is used to transfer the electronic polarization to the
nucleus. Large polarizations have been produced in fast proton beams
using this technique, and in principle an atomic beam of almost any
element can be polarized in this way.

A partial listing of nuclear-spin-polarized atomic beams produced to
date is given in Table III.

The generalization of SPNSS to arbitrary surfaces is primarily a
problem of achieving arbitrary control over the residence time. In
present SPNSS experiments, the residence time of the polarized adsorbed
nuclei is adjusted by changing the temperature of the surface. This has
several serious disadvantages: First, at elevated temperatures, the
adsorbate diffuses around on the surface, preventing the study of
localized surface conditions. Second, many surface phenomena one would
like to study may not occur in the temperature range where desorption is
practical. Third, some adsorbed species—the classic example is hydrogen
and its isotopes—undergo thermal desorption as molecules rather than as
atoms. Thus it is important to have nonthermal desorption techniques at
hand as needed.

Stimulated desorption by electrons (ESD) and photons (PSD) appears to
be one promising avenue of approach. In electron-stimulated
desorption (ESD), a beam of electrons of up to a few hundred volts has
been successfully used to desorb alkalis and atomic hydrogen from both
alkali halide and metal surfaces. These processes are not yet clearly
understood; in particular, the mechanism for producing copious quantities
of ground-state neutral atoms is of great current interest. ° For
purposes of this discussion, however, two features of ESD/PSD are
important: ESD/PSD occurs on a time scale (~10~^-10~^s) very short
compared to the Larmor frequencies of the alkalis and of hydrogen; and
ESD/PSD does relatively little damage to sample surfaces, so that the
surface structure can be presumed to remain stable. In the case of
adsorbed polarized hydrcgen, the use of ESD has another important
advantage: there are large fractions of metastable 2s neutrals desorbed,
whose polarization can then be determined by laser-induced fluorescence
using an ordinary cw tunable dye laser.,
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Figure 9 shows the layout of a "proof-of-principle" experiment in

which the existence of these hydrogen metastables was confirmed. A UHV

chamber was filled with hydrogen gas at a partial pressure of 10"

torr. The hydrogen was adsorbed on the sample surface, then desorbed

using ESD by means of a pulsed electron gun delivering a few microamperes

of 700 eV electrons. With the laser off, radiation from the n=3 and n=4

states was observed in the spectrometer. With the laser on, n=2 meta-

stable atoms were pumped into the 3p state and the transition back to the

n=2 state was observed in a photomultiplier tube. The relative yields for

the non-laser experiment are shown in Figure 10; reasonaole extrapolations

indicate an n=2 population a factor of 10 or so more than that for the n=3

level.

While no analogous photon-stimulated desorption (PSD) experiments have

yet been performed, it is assumed that similar results would be achieved.

PSD would have certain advantages, particularly in the level of surface

damage produced in insulating crystals. However, the electron-gun param-

eters are easier to adjust than those of the photon beam in a synchrotron

light source—and ESD may be a more adaptable technique for this purpose

than PSD.

In the case of polarized adsorbates produced in a mass separator, it

may be possible to avoid the residence-time problem altogether. A beam of

radionuclides—e.g.,
 8
Li—is produced in a nuclear reaction, and the

desired nuclei are then thermalized in a buffer gas and nuclear-spin-

polarized by means of optical pumping. The polarized radionuclides are

then adsorbed on a surface and begin to depolarize. The time evolution of

the polarization is followed by measuring the β-decay asymmetry. When the

polarization has vanished, the adsorbates can be driven off the surface—

by heating it, for example—and a fresh pulse of polarized radionuclides

brought in from the mass separator.

Finally, there is the problem of atomic detection. The beam-foil

monitoring technique is useful for polarization measurements of desorbing

ion species and has the additional advantage of being simple and

inexpensive to implement.* However, this method of polarization monitoring

is only effective in studying surfaces which have work functions not too

much different from the ionization energies of the adsorbed species.
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Hence it is a technique which works well for alkalis, but not much else.

Moreover, since different-index faces of even the same crystal have

substantial variations in work function, it is often inconvenient to rely

on this polarization-monitoring technique for systematic studies.

The most effective detection technique now available for SPNSS

experiments appears to be laser-induced-fluorescence (LIF) in a magnetic
19field. A small fraction of the atoms in each Zeeman level is excited

by the laser light as the laser is tuned through the resonance line, and

the fluorescence from the decays to the ground state is monitored with a

photodetector. The laser is highly efficient at producing fluorescence; a

sample of only some 10 atoms in the laser volume can easily be seen in

this way. Moreover, unlike the beam-foil technique, which measures the

product of the beam polarization and foil analyzing power, LIF gives a

measure of the relative magnetic-substate population. Hence information

on all ranks of polarization can be acquired simultaneously. In beam-foil

spectroscopy, on the other hand, the foil analyzing powers must be

relatively large—and, for instance, in the case of third-rank analyzing

powers, a small or vanishing T. for a particular ion species means that

there is no sensitivity to the corresponding polarization t. .

With LIF detection, one also has the option of pumping at one wave-

length and detecting the fluorescence at another wavelength to enhance the

sensitivity. This is particularly effective in the case of hydrogen or

deuterium, where the 2s » 3p transition is pumped and the detection occurs

at the Lyman-8 wavelength. In this case, not only is the signal-to-noise

ratio enhanced, but the more favorable branching ratio gives a larger

absolute yield.

5. CONCLUSIONS

As outlined above, SPNSS experiments appear to be a powerful tool for

studying phenomena of interest in polarized-target design and construc-

tion. The SPNSS technique can be applied in a wide range of surface

conditions with a large choice of polarized nuclei. Hence, spin-

relaxation phenomena for many interesting polarized species can be

measured on relevant physical surfaces. Moreover, the data produced in
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such experiments—i.e., the fluctuating magnetic fields and the electric
field gradients—will allow benchmarking of existing computational schemes
for surface charge distributions; the end result should be vastly improved
calculations of relaxation rates. Finally, because SPNSS experiments can
be performed at coverages ranging from dilute to near-monolayer, a range
of depolarization regimes and mechanisms can be studied effectively.

The prognosis for using SPNSS for studies related to production and
investigation of dense polarized samples appears, in short, to be
excellent.
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TABLE I

MARBURG POLARI ZED-ALKALI SOURCE

Species

6Li
7Li
2 3Na

-0.82

-3.26

-2.22

Q tntib)'

-0.8

-38
+110

BC(G)

81
287
633

vhf(MHz)

228
803

1772
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TABLE II

BEAM POLARIZATIONS ACHIEVABLE FOR TYPICAL RF TRANSITIONS

Spin 1

WFT

on

-

-

SFT
(3-5)

-

on

-

SFT
(2-6)

-

-

on

P
z

-2/3

1/3

1/3

P
zz

0

-1

1

V

life

ii Jβ

ho

0

-llyR

life

Spin 3/2

WFT SFT
(2-8)

on

on

- -

-

SFT
(3-7)

-

-

on

-

SFT
(4-6)

-

-

-

on

P
z

-1/2

1/6

1/6

1/6

P
zz

0

1/2

0

-1/2

P
zzz

-1/6

1/3

-1/2

1/3

ho

1//2O

1//20

t
2O

0

1/2

0

-1/2

fc
3O

-I//20

ufs

-31/20

11/s

WFT = Weak-Field Transition
SFT = Strong-Field Transition
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TABLE III

REPRESENTATIVE POLARIZED ATOM BEAMS PRESENTLY OR POTENTIALLY AVAILABLE

Isotope

1H

2D
3T

3He
6Li

7Li
8L1

14N
19F

23Na

35C1

83 K r

129Xe

«l Xe

133Cs

Key to source

Natural
Abundance

99

0

0

7

93

99,

100,

100,

75.

11.

26.

21.

100

types:

.985

.015

Nuclear
(%) Spin

1/2

1

1/2

.00013 1/2

.63

.0

.0

.53

.5

,4

,2

1.
2.
3.
4.

1

3/2

(2)

1

1/2

3/2

3/2

9/2

1/2

3/2

7/2

y/uR

2.793

0.857

2.979

-2.127

-0.82

-3.256

1.653

0.404

2.627

-2.217

0.821

-0.967

0.77

0.687

2.56

"classical" atomic beam
optically pumped atomic beam
spin-transfer polarized source
mass separator with ODtical Dumc

Q(b)

0.00274

-0.8

-0.038

0.016

0.110

-0.079

0.22

-0.12

-0.003

>ina

Source
Type

1

1

1

1

1.

1

1

1

2

,2

,2

4

1

1

,2

,2

3

3

3

,2
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FIGURE CAPTIONS

1. Schematic of a polarized nucleus residing on a surface. The z-axis
is defined by the guide magnetic field.

2. Plan view of tne Marburg polarized alkali atomic beam source.

3. Surface-interaction rt-di< n in the Marburg apparatus. The RF coils
are not shown in their actual orientation, but only indicated
schematically.

4. (a) Contrasting relaxation rates for 23fja on iridium for two
different preparations of the incident polarized beam,

(b) Relaxation rates for 2^a on oxygen-covered iridium for the
same two beam preparations.

The bar graphs represent the polarization in the incident beam; the
arrow indicates schematically what the polarization transfer must be
to produce the observed effect.

5. Energy levels in a magnetic field for a nucleus having both dipole
and quadrupole moments (spin 3/2). The "avoided crossings" arise
whenever the field gradients are not axially symmetric.

6. Vector polarization of ^fia on an oxygen-covered tungsten surface,
with a varying guide magnetic field.

7. NMR spectrum for ?Li on oxygen-covered tungsten, showing the two-
and three-quantum transitions.

8. Essential ingredients for generalized SPNSS experiments.

9. Schematic of an electron-stimulated desorption experiment, in which a
large metastable fraction of desorbing atomic hydrogen was measured.

10. Relative fluorescence yields from excited hydrogen neutrals desorbing
from LiF under electron bombardment. The inferred 2s population
yield is approximately ten times larger than that of the 3p state.
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SOURCE OF SPIN-POLARIZED NUCLEI

RF atomic-beam source

Optically-pumpad atomic btam

Spin-transfer source

Optically-pumped radionuclides

POLARIZATION DETECTION

Laser-induced fluorescence (atoms)

Beam-foil spectroscopy (ions)

DESORPTION MECHANISM

Thermal

Laser-assisted (thermal)

Electron-stimulated

Photon-stimulated

Figure 8
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In 1960 Carver and Bouchiat found that it was possible to polarize the

nuclei of 3He by spin exchange with optically pumped alkali atoms. However,

they had to pump for many hours because of the extremely slow spin transfer

rate. Since then a lot of work has been done to study the detailed mechan-

isms of the spin transfer between alkali atoms and noble gas nuclei. It has

been found that spin transfer mainly occurs during the lifetime of the loose-

ly bound alkali-noble gas van der Waals molecules. The two major evidences

in support of this argument are the following:

(1) The relaxation rate of the noble gas nuclear spin depends strongly on

the third body pressure (which in our case is N 2 ) ;

(2) The relaxation rate of th<> noble gas nuclear spin slows down substan-

tially in an external magnetic field of the order of 100 gauss or less.

Since alkali-noble gas van der Waals molecules are involved in the spin

transfer process, the physics can be naturally divided into two parts. One

of them is to study the formation and break-up rates of the molecules, the

chemical equilibrium constant, etc. The other aspect of this problem is to

study how the individual angular momenta evolve during the lifetime of the

molecule. The experiments described here address the second aspect.

The simplest Hamiltonian that can explain all the presently known data

on spin relaxation and spin transfer in mixtures of alkali vapors and noble

gases is

= A o

where A f»$ is the hyperfine interaction of the alkali electronic spin $ and
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its nuclear spin t, y fi«§ is the spin-rotation coupling between the alkali

electronic spin $ and the rotational angular momentim ft of the molecule, a

t*t is the magnetic dipole coupling between the alkali electronic spin $ and

the noble gas nuclear spin it , and g^uB §«?i is the Zeeman interaction of the

electronic spin § with the external magnetic field ft. The Zeeman interaction

of the nuclear spins it and f with the external field are three orders of

magnitude smaller, and have been neglected.

The spin transfer from alkali electronic spins to noble gas nuclei is

caused by the term a §«it in the Hamiltonian. The coupling a ft*? transfers

angular momentum from alkali electronic spin to the translational motion of

the alkali-noble gas system.

It is relatively easy to determine the Breit-Rabi parameter x = Y N / O by

measuring the ratio of the spin relaxaton rates of the alkali atoms and the

noble gas atoms. This has been done in our laboratory and we now know that x

is 3.1 ± 0.3 for Cs and Rb and 4.8 ± 0.2 for K. This large value of x means

that most of the alkali electronic spin is wasted to the tumbling angular

momentum of the molecule. On the other hand this large value of x allows the

use of perturbation theory with 1/x2 as perturbation parameter to calculate

all the spin transfer and spin relaxation rates.

The goal of the experiments described here is to determine the spin-

rotation coupling constant yN between the alkali electronic spin and the

rotation angular momentim of the alkali-noble gas van der Waals molecules.

The determination of yN combined with the knowledge of x also gives the value

for a.

The experimental arrangement is shown in Fig. 1. The cell contains

alkali vapour, 129Xe and N2 gas. The experiment is composed of two steps.
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In the first step we use Oj light from a laser or a lamp to optically pump

the alkali atoms for 5 to 15 minutes, which in turn polarize the Xe nuclei by

spin exchange. In the second step we block the pumping beam and monitor the

decay of the Xenon nuclear spin by passing unpolarized D{ lamp light through

the cell. The unpolarized Dx light becomes partially elliptically polarized

because the alkali atoms get polarized by spin exchanqe with the polarized

xenon nuclei. The degree to which the Oj light gets polarized is

proportional to the polarization of the Xenon nuclei.

According to the theory developed recently by Happer et al.1, the spin

transfer coefficient q(KK) is given in the perturbation theory by the

following formulae:

-q(KK) » f [1(1+1)
OT

(1)

for high third body pressure and

-q(KK) =

+ i +_!_ [1(1+1) + 1]
f 4
4h2

1_ [1(1+1) +1] - h2 + 1
3x2 4
.

16h2

(2)

for low third body pressure,. Here:

T » mean lifetime of alkali-noble gas van der Waals molecule.

o)0 * m * Lamour frequency of the electron.
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= dimensionless field parameter.

x = -in = Breit-Rabi parameter.

From Eq. (1) we see that at high pressure |q(KK)| as a function of H is

a Lorent2ian. Although Eq. (2) seems to be a complicated function of H,

numerical calculations show that it is very close to a Lorentzian. We define

the half width AH to be the field at which the relaxation rate is half the

peak value which corresponds to H=0. From Eq. (1) we get for the half width

at high pressure

p0

where the characteristic pressure p0 is defined by the relation

The zero-pressure width AH0 can be obtained from Eq. (2) and is given

AHn = n XL

with n a numerical factor which depends on I and x.

We used a simple hyperbolic formula

to interpolate between low pressure and high pressure expressions for AH.

The experimental data are shown in Figs. (2)-(4). We nô te that the
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slope 0 of the asymptote of the hyperbola is given by

3-.U11JL
gsuB T P-

Therefore at a given pressure [I]/3 is, apart from a constant factor, equal

to the mean lifetime of the van der Waals molecules. Fig. (4) shows that

[I]/3 is approximately the same for both CsXe and K Xe. According to ref.

(2), this same value of [I]/3 was also obtained for 87Rb. Therefore we

conclude the average lifetimes of CsXe, 87RbXe and K Xe molecules are

approximately the same. One plausible reason for this is that both the well

depth and the equilibrium internuclear distance of the van der Waals

potentials are approximately the same for all these molecules.3

The spin-rotation coupling constant yN is determined by the zero-pres-

sure intercept AH0. The preliminary results are shown in Fiq. (5). It is

very interesting to note that, instead of monotonic variation in going from

Cs to K as one might expect, there seems to be a minimum at Rb. This anomaly

is not fully understood yet. We also note that Bouchiat et al.1* measured the

half width of Rb electronic spin relaxation ratp in Ar, Kr and Xe gas and

found AH0 increased monotonically from Ar to Xe as one might expect. We plan

to do some more study in the hope of understanding all the physics behind

these results.

ACKNOWLEDGEMENT

This work was supported by the U. S. Air Force Office of Scientific

Research under Grant AFOSR 81-0104-C.



295

References

(1) W. Happer, E. Miron, S. Schaefer, 0. Sc'ireiber, W.A. van Wijngaarden and
X. Zeng: To be published in Phys. Rev.

(2) N.D. Bhaskar, W. Happer, M. Larsson and X.Zeng, Phys. Rev. Lett. 50 105
(1983). ~

(3) W.E. Baylis, 0. Chem. Phys. £1_ 2665 (1969).

(4) M.A. Bouchiat, J. Brossel and L.C. Potter, J. Chem. Phys. 56 3703
(1972). ~~~



296

Figure Captions

Figure 1. Experimental arrangement.

Figure 2. Normalized Cs-dependent relaxation rate vs. magnetic field H for
various nitrogen pressures. The solid lines are fits by functions of the
form (AH)2/(H2+(AH)2).

Figure 3. Normalized K-dependent relaxation rate vs. magnetic field H for
various nitrogen pressures. The solid lines are fits by functions of the
form (AH)2/(H2+(AH)2).

Figure 4. Dependence of AH on nitrogen pressure p. The solid lines are fits
by the function (AH)2 = (AH 0)

2 + 32P2. Also plotted are the asymptotes AH =
0p for both Cs and K cases.

Figure 5. Spin-rotation coupling constant yN for molecules K 1 2 9Xe. 87Rb
1 2 9Xe and Cs 129Xe vs. alkali atomic number. The vaue of yN for 87Rb 129Xe
is taken from Ref. 2.

Figure 6. Spin-rotation coupling constant
RbXe vs. noble gas atomic number (Ref. 4).

for molecules RbAr, RbKr and
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PLANS FOR AN ULTRACOLD POLARIZED PROTON JET

R.S. Raymond, P.R. Cameron, D.G. Crabb
Randall Laboratory of Physics,
The University of Michigan,
Ann Arbor, Michigan 48109

This short report describes plans for an ultracold jet of polarized hy-

drogen atoms. It is the result of work by our group from the University of

Michigan at Brookhaven National Laboratory and a group led by D. Kleppner at

M.I.T.

The possible application of very low temperatures to polarized targets

and sources arises from the fact that for very low temperatures (0.5 K)

and high magnetic fields (8 T ) ,

]1 B » kT .

For atomic hydrogen, then, the magnetic energy is much higher than the ther-

mal energy. Because of this, if cold atomic hydrogen is directed toward a re-

gion of high magnetic field, atoms in the two upper hyperfine states are

pushed away from the high-field region, while atoms in the two lower states

are pulled into the field, thermalize by hitting the walls, and are trapped.

A high density of electron-polarized hydrogen is thus accumulated. This mech-

anism, used in searches for Bose condensation, has given densities of well

over 10 /cm . Given time, mixing of hyperfine states and recombination

yield proton polarization, but the time required for proton polarization and

the difficulties of doing a scattering experiment inside of an 8-tesla sole-

noid limit the usefulness of such a trap itself as a target.

2

Fortunately, Niinikoski suggested that by applying microwaves of the ap-

propriate frequency (approximately 2]lJR/h «r 220 GHz), atoms may be flipped up
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to the upper hyperfine states. These atoms are now on a potential hill, and, J

falling off the hill, are accelerated out of the field. The density of this

extracted beam will depend on such factors as density in the trap,

temperatures, microwave power density, field shape, etc. The extracted beam

will certainly be, electron-polarized, but nuclear polarization is also possi-

ble, depending on many of the same factors. These factors are not all inde-

pendent, and while some are calculable, others probably aren't. In order to

learn more about the target thickness and polarization achievable, we plan to

build the apparatus shown schematically in the figure. Hydrogen molecules

are dissociated in an RF discharge and, flowing down, are cooled to 0.5 K by

the still and heat exchanger of a dilution refrigerator. They then come into

the fringe field of the 8-Tesla solenoid, where the separation of atoms by

electron spin takes place. Pulsed microwaves will then flip the spins of

trapped atoms and the density of the beam extracted to the right will be

measured with a quadrupole mass spectrometer. This apparatus is intended as

a learning tool rather than as a working target. We are aiming for a peak

beam density during the microwave pulse of 10 -10 /cm , giving a thickness

of greater than 10 /cm , with a duty cycle of about 10%.

REFERENCES

1. e.g., I.F. Silvera and J.T.M Walraven, Phys. Rev. Lett. 44 164 (1980),

R.W. Cline et al., J. Phys. (Paris), Colloq. 41_, C7-151 (1980).

2. T.O. Niinikoski, Proc. 1980 Int. Symp. on High-Energy Physics with

Polarized Beams and Polarized Targets, Lausanne (Birkhauser EXS-38,

Basel, 1981) p. 191.



305/io

I

Micro-

waves

Dissociator

Still

Heat Exchanger

0.5 K, 8 1 H

Schematic diagram of. jet test apparatus



307

DESIGN OF A TENSOR POLARIZED DEUTERIUM TARGET POLARIZED BY
SPIN-EXCHANGE WITH OPTICALLY PUMPED NA

Michael C. Green
Argonne National Laboratory

ABSTRACT

A proposed design for a tensor polarized deuterium target

(~10" atoms/cm*) for nuclear physics studies in an electron storage ring

accelerator is presented. The deuterium atoms undergo electron spin exchange

with a highly polarized sodium vapor; this polarization is transferred to the

deuterium nuclei via the hyperfine interaction. The deuterium nuclei obtain

their tensor polarization through repeated electron spin exchange/hyperfine

interactions. The sodium vapor polarization is maintained by standard optical

pumping techniques. Model calculations are presented in detail leading to a

discussion of the expected performance and the technical obstacles to be

surmounted in the development of such a target.

OVERVIEW

Earlier in this conference, R. Holt has presented the physics

motivation for reaction studies with tensor polarized deuterons with high

energy electrons. Holt also discussed the technical feasibility of carrying

out these reaction studies with an internal target in electron ring

accelerator using electron spin exchange with an optically pumped Na vapor to

tensor polarize deuterium nuclei.

Nearly all of the theoretical analyses used in target modeling was

developed by M. Peshkin. In Peshkin's absence, I shall attempt to give an

introduction and synopsis of the general theory. This discussion will be

preceded by a general description of the basic physical components of a target

system based on electron spin exchange. Numerical results and detailed design

considerations will also be presented for a target operated in the molecular

flow regime.
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In more detail, a set of coupled rate equations is derived to

describe the time evolution of the spin density of the deuterium nucleus (and

its electron) undergoing spin exchange collisions with a polarized sodium

vapor. These equations are solved to obtain the expected tensor polarization

of the deuterium nucleus as a function of the average number of spin exchange

collisions with a vapor of Na atoms of a given electron polarization. While

this solution (referred to as the First In First Out model, FIFO) is of

pedagogic interest, we find that it is not appropriate for describing the

achievable deuterium polarization in the proposed target system under

molecular flow conditions. However, by reinterpreting these equations as a

description of the statistical ensemble of deuterium atoms flowing through the

polarization cell, we are able to suitably modify the FIFO rate equations to

contain the effect of deuterium flow as a depolarization mechanism. The

average deuterium spin density is then identified as the equilibrium (t •> °°)

solution of these equations. This Equilibrium Flow (EF) model predicts a

significantly lower target polarization than the FIFO model for a moderate

number of spin exchange collisions. Deuterium depolarization due to cell wall

collisions is easily accommodated in the EF model. We find a limit to the

achievable tensor polarization of the deuterium target given by the

polarization cell dimensions, Na density, Na-D spin exchange cross section

(10 ^ cm
2
), and the deuterium wall depolarization probability. A

polarization cell design is proposed which attempts to minimize the Na density

and cell operating temperature (3 x 10*
2
 atoms/cm

3
 @ 232° C). This design

yields a limiting tensor polarization, t£Q * 0.3, when the wall depolarization

probability is 10"
3
.

The achievable deuterium flow rate and target thickness with this

polarization ere found to be strongly related to the maximum power of the

laser light (used to optically pump or align the sodium vapor) which one can

"put through" the Na into the D atoms. Using "low power" optical pumping rate

equations in a model framework analogous to the EF model (ignoring high power

density effects), we have roughly estimated that a target thickness of

2.3 x 10
1 5
 D atoms/cm

2
 and a flow of 4 x 10

1 7
 D atoms/sec are attainable. The

limiting tensor polarization, t£Q * 0.3, can be achieved if one can optically

pump a 1 cm thick Nβ vapor (density • 3 x 10
1 2
 atoms/cm

3
) to a 957. electron

polarization while putting ~650 mW of laser power (angular momentum transfer

rate) through the Na vapor. This corresponds to an incident laser power of
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~2 W (one pass through the cell) with complete frequency coverage of the

Doppler broadened optical transition and a Na wall depolarization probability

of 10~3, We have ignored other depolarization mechanisms such as radiation

trapping which might well be important at these high Na and laser power

densities. Ignoring possible limits from Na optical pumping we believe our

model remains valid up to target thicknesses of 8 x 10 1 5 D atome/cm2. Thicker

targets generally correspond to a shorter molecular mean free path such that

molecular collisions begin to play a role and our basic assumption of

molecular flow becomes invalid.

POLARIZATION CELL BASIC COMPONENTS AND PROCESSES

In this section the basic components of a system to produce a

polarized deuterium target by optical pumping-spin exchange with a Na vapor

are discussed; and the atomic and nuclear processes necessary for the

production of nuclear polarization are reviewed.

The deuterium polarization process is best idealized as a somewhat

ordered sequence of physical interactions at the atomic and nuclear level

schematically represented in Fig. 1. The optically pumped Na vapor (electron

polarized) transfers angular momentum to the deuterium atom ensemble

(previously RF dissociated) via atomic electron spin exchange. In the absence

of a strong magnetic field, the hyperfine interaction transfers some portion

of this angular momentum to the nucleus. Meanwhile, the Na vapor polarization

is replenished and a second spin exchange collision repolarizes the deuterium

electron with hyperfine interactions polarizing the nucleus. After at least

two spin exchange collisions, the deuterium nucleus ensemble has some degree

of tensor (and vector) polarization. Repeated spin exchange/hyperfine

interactions increase the tensor polarization of the ensemble to some limit

determined by the degree of Na polarization.

Figure 2 shows the basic components of a spin exchange polarization

system with a dissociator bottle feeding atomic deuterium into a spin exchange

cell. A liquid Na pot is heated to maintain the desired Na density in the

slightly hotter spin exchange cell (to prevent Na condensation on the cell

walls). A set of Helmholtz coils (not shown) provide a weak magnetic field

(5 Gauss) aligned along the polarization axis. Polarized deuterium (and «o«e

Na) flow out of the end spout which may be collected in an appropriate
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Figure 1: The deuterium tensor polarization process. Optically pumped Na and
RF dissociated D2 undergo repeated electron spin exchange/hyperfine
interactions.
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Figure 2: The basic components of a spin exchange polarization cell to
produce tensor polarized deuterium.
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containment cell or simply used as an atomic beam. The spout and cell

dimensions (discussed later) are chosen so as to contain the deuterium and Na

for a time sufficient to allow for the desired number of spin exchange

collisions. This general design is based on the presumed limitation that the

deuterium dissociation must take place outside of the polarizing region. We

have also assumed that the deuterium emitted through the spout cannot be

recycled back into spin exchange cell because it would most likely be

recombined into Do nor dissociated again because of Na contamination. This

technique of tensor polarizing deuterium is initially quite attractive because

of its mechanical simplicity (no sextupole magnets or high-speed vacuum pumps)

relative to conventional atomic beam sources. However, there are some

forseeable technical obstacles in the development of such a target including

high power density optical pumping, high efficiency dissociation, and cell

wall coatings which sufficiently minimize both D recombination and

depolarization.

The Na vapor in the spin exchange cell is spin polarized by a

"standard" optical pumping technique. The cell is illuminated by circularly

polarized Na Dj light (5896 A) (from a dye laser) which excites the S\/2~*\/2

electron transition in the Na atoms. The circularly polarized light in effect

pumps angular momentum into the Na atom vapor by repeated excitation and

spontaneous emission which eventually spin polarizes the outer unpaired

electron of a Nα atom as well as its nuclei via the hyperfine interaction.

Although optical pumping of Na and other alkali vapors has been studied for

many years , the efficient pumping of a relatively thick vapor, without a

buffer gas as required for our application, is still mostly unexplored.
5

The initial preparation of the deuterium is to break apart or

dissociate the natural diatomic configuration of deuterium. The cross section

for Na-D electron spin exchange is of the order of 10*^* cm^ (100 A^) though

for l>2 this cross section is about a factor of 10 smaller. Since all atoms

which come out of the dissociator also pass through the spin exchange cell and

eventually contribute to the target thickness, a high dissociation fraction is

a prerequisite to obtaining a high target polarization. We are currently

pursuing the "standard" technique
6
 of radio frequency (RP) dissociation in an

appropriately tuned cavity. While this technique is well known, the

diseociators of standard atomic beam sources are operated so as to give a high
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current of atoms with the undissociated gas being pumped away after magnetic

separation. However, it has been demonstrated that dissociation fractions of

95% are obtainable using RF dissociation.^"^

TENSOR NUCLEAR POLARIZATION BY ELECTRON SPIN EXCHANGE

In this section we will explain how one obtains tensor polarized

deuterium by electron spin exchange. At first glance one might think this to

be impossible since the spin exchange involves spin 1/2 particles and the

deuterium nucleus is a spin 1 particle. However, in the absence of a strong

magnetic field the nuclear spin and electron spin are coupled system by virtue

of the hyperfine interaction. When a spin exchange occurs It momentarily

decouples these spins due to the locally strong magnetic moments of the

interacting electrons. This is another way of saying that in a spin exchange

Interaction the nucleus is a spectator.

A deuterium atom can be thought of as having a total spin F with a

z-projection m or as a nucleus with spin l(=l) and projection m. and an

electron with spin j(=l/2) and projection m* (f= J + 3, m^mj-fmj). The (F,m)

basis is appropriate for describing the time evolution of the deuterium atom

in a weak magnetic field (see Fig. 3); i.e., states in this basis are energy

eigenstates of the system. However, during the brief moment of a spin

exchange interaction, the "appropriate basis" is the (m^,m*) basis change of

m. is possible. After a spin exchange interaction, the system in effect

relaxes by means of the hyperfine interaction into other (m,,m.) states

preserving only, F and m.

An unpolarized deuterium atom starts with all of the six possible

spin states equally populated. For the sake of illustration, let us consider

a deuterium atom in a particular (F,m) state, (F«3/2,m«-l/2) [see Fig. 4a] and

trace the development of this system through a few spin exchange collisions

with perfectly polarized Na atoms (with the z-projection of their electron

spin always equal to 4-1/2). The black dots in the succession of diagrams in

Fig. 4 indicate some probability for measuring the deuteriun atom in that

particular state (-- diagonal elements of a probability density matrix). We

see that the initial state shown in Fig. 4a is a pure state in the (F,m) basis

but in the (m^nu) basis this state vector has two components. The relative

size of these two dots is not significant. (From simple angular momentum
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Figure 3: The spin exchange/hyperfine interaction basis states.
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Figure 4: The chain of events in the process of spin exchange/hyperfine
interactions with perfectly polarized Na vapor for a particular
initial state of a deuterium atom, a) initial state of a
particular deuterium atom b) state at the moment after electron
spin exchange c) after hyperfine relaxation d) at the moment
after another spin exchange. Notice (miSB+l,mj=+l/2) state
component cannot relax via hyperfine interaction; therefore

-rtsin* ti
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coupling one expects the ratio of the state populations, (m^0,mi*-1/2)/(m^

—l,m«"+l/2) * 2). Figure 4b shows the result of spin exchange interaction

with our perfectly polarized Na. Here, the fraction of the initial state

population with mi«-l/2 is changed to a component wi-h m*»+l/2 leaving the

nuclear spin projection, n^-0, at its original value. Notice that both the

F»3/2 and F-l/2 receive a portion of the population by the spin exchange

process which does not preserve F. Immediately, following the spin exchange

(Fig. 4c), the hyperfine interaction redistributes the state population into

the (mj»+l,mi»-l/2) as well as the (mj»«0,mx--l/2) components. Figure 4d shows

the state population following an additional spin exchange interaction where

there is some probability of finding the deuterium atom in the (mj=+l,tn.-+l/2)

state. It should be clear that as the number of spin exchange interactions

increase so does the population of this state component (if there are no

depolarizing processes occurring). The tensor polarization of a deuterium

nucleus, tjQ for a state population, pm is

t 2 0 = l3(p.1+P+1)-2]//2. (1)

Therefore, tensor polarization of our deuterium nucleus also increases as the

number of spin exchange interactions such that p_j + 0 and p+^ + 1 and
fc20 * •"•Z^* * vector polarization is also acquired by the deuterium nucleus

since the p_^ and p+^ state populations are unequal. From this specific

example it should also be evident that a completely unpolarized deuterium

nucleus also acquires some degree of both vector and tensor polarization after

a few electron spin exchange collisions. As the reader may noticed, we have

implicitly assumed that the spin exchange collisions occur at a rate much

slower than the hyperfine mixing time. This assumption is valid for the

systems we will consider; where spin exchange collisions occur about once

every 10"^ sec as compared to the hyperfine mixing time of 10"' sec.

FIRST IN FIRST OUT MODEL

In this section, the basic rate equation used for computing the

population density of deuterium nuclear spin states is derived for an

arbitrary electron spin polarization of the Na vapor. Generalizing the

specific example of the previous section for the six possible spin states

deuterium, we shall represent the deuterium atom population density by a six
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element column vector, p. (These six elements are the diagonal elements of

the density matrix in a quantum mechanical description of the system. We

shall ignore the off-diagonal elements of this matrix which is equivalent to

assuming there is no phase coherence between consecutive spin

exchange/hyperfine interactions. For systems of gases having completely

random interactions, this assumption seems well justified. ) The spin

exchange and hyperfine mixing processes are identified as six by six matrices,

N and L, which act upon p at a given rate, r. The rate, r, is simply the spin

exchange rate with the proviso that each spin exchange is followed by a

hyperfine interaction which "completely" mixes the electron and nuclear spin

for a given (F,m) prior to the next spin exchange collision.

The deuterium population density vector, p(t+At), is given in terms

of p(t) by the following matrix difference equation:

p(t+At) - (l-rAt)p(t) + (rAt)LNp(t). (2)

The product, rAt gives the probability of a spin exchange reaction in a time

At. Thus, given a spin exchange collision the matrix product LN acts on p.

If a spin exchange does not occur, given by the probability (1-rAt), then p is

unaffected. Using the spin exchange basis (m^,mi), let the elements of p, p^

be identified with deuterium state populations in the following manner:

Pi

P3

( 1, 1/2)
( 1,-1/2)
( 0, 1/2)
( 0,-1/2)
(-1, 1/2)
(-1,-1/2)

then it can be shown" that the L and N matrices are,

(3)

1 0 0 0 0 0
0 5/9 4/9 0 0 0
0 4/9 5/9 0 0 0
0 0 0 5/9 4/9 0
0 0 0 4/9 5/9 0
. 0 0 0 0 0 1

N

q q 0 0
1-q 1-q 0 0
0 0 q q
0 0 1-q 1-q
0 0 0

.0 0 0

0
0
0
0

0
0
0
0

0 q q
0 1-q 1-q

, (4)
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where q Is the probability that given a spin exchange interaction the Na

electron has a spin z-projection of +1/2. Taking the limit At + 0, Eq. 2

becomes the differential equation,

p - r(LN-l)p, (5)

having the formal solution,

pit) - e<™-DXp0. (6)

where X (=rt) is the average number of spin exchange collisions after a time

t; and PQ is the t=*0 boundary condition which we will take as a completely

unpolarized system; thus, (P())k"l/6 *or k«l-6.

Eq. 6 is the solution to the problem represented in Fig. 5. At

time, t>0 (X=0), a deuterium atom enters a polarized Na vapor after some

finite time interval this atom will have undergone (on the average) a certain

number spin exchange collisions; what is its spin state population density?

As indicated in Fig. 5, since the absolute location of the atom is uncertain,

one must imagine some external means of tracking the atom of interest and then

performing the spin state measurement at the time of interest. For a series

of atoms entering the Na vapor, this model requires that we always measure the

atoms in the sequence that they entered, namely, First In First Out (FIFO).

Figure 6 shows the average tensor and vector polarization of the deuterium

versus X for the FIFO problem computed* from Eqs. 1 and 5 for various sodium

polarizations, PNa - 2q-l. We see that after 5 spin exchange collisions, the

tensor polarization has nearly reached Its maximum value for a particular

sodium polarization.

EQUILIBRIUM FLOW

While the FIFO model is invaluable as pedagogic exercise, we shall

show that it does not adequately predict the performance of a "flow-through"

polarization cell depicted in Fig. 2 under the conditions of molecular flow.

Ultimately, we would like to predict the average tensor polarization of the

deuterium atoms which emerge at the end of spin exchange cell spout. Upon

restricting the pressure and temperature of the deuterium gas in the cell such
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First In First Out:
Polarized Nα Vapor

Figure 5: The problem solved by the FIFO model including a qualified
measurement technician.
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Figure 6: The deuterium nuclear polarization, t Q̂ and tensor polarization,
t2Q versus the number of spin exchange scatterings for various Na
vapor polarizations in the FIFO model.
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that the mean free path for atomic collisions is greater than the linear

dimensions of the cell, the motion of the D atoms is dominated by collisions

with the cell walls (referred to as molecular flow). Those atoms which do

emerge from the cell spout have been effectively randomized such that there is

very little correlation between when a particular atom enters the cell and

when it leaves through the spout. We shall assume there is no correlation;

such that the spout serves to, in effect, sample the average polarization of

the deuterium in the cell.

For a steady flow of atoms through the cell, every D atom lost

through the spout is replaced by an unpolarized D atom from the dissociator.

In its effect on the steady-state spin population in the cell, this flow is

simply a closed loop process where atoms are depolarized at some fixed rate

(see Fig. 7). This effect is easily included in a model if we reinterpret the

population density vector, p, from the FIFO model as representing the spin

population of all atoms inside the spin exchange cell. The depolarizing

process of deuterium flow becomes just another "interaction" which adds an

unpolarized state population, p^ at a rate of (l/Tc); where T is the average

time a D atom spends in the cell. From the Equilibrium Flow (EF) viewpoint,

Eq. 2 becomes

p(t+At) - (1-rAt -At/Tc )p(t) + (rAt)LNp(t) + (At/Tc)p0; (7)

which becomes the differential equation,

p - r(LN-l-l/rTc)p + po/Tc (8)

We are interested in the solution of Eq. 8 in the limit t •>• <» where

polarization of the deuterium has reached a steady-state. Again taking the

boundary condition that at t>0, P"PQ» i t can be shown that

P - Peq - [-rT^LN-l-l/rT,.)]"^. (9)

Remembering that r is the number of spin exchange collisions per D atom per

sec, we recognize that rTc«X. In the EF model, X is the average number of

spin exchange collisions a D atom makes before escaping from the cell. The
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Equilibrium Flow

Figure 7: Equilibrium Flow (EF) model makes the deuterium flow through the
cell just a depolarizing process.
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definition of X in both the EF and FIFO models are quite similar and provide a

common basis for comparison as shown Fig. 8. While the FIFO model

exponentially approaches the limiting polarization as X gets large, the EF

model approaches the same limit but much more slowly. Indeed, for X«5, the

FIFO model gives a t20-0.5 where the EF model has a 120*0.3. The lack of

dependence of the spin population on location of the spout relative to the

cell entrance serves as a reminder that the deuterium polarization predicted

by the EF model is the average polarization inside the cell. Indeed, the FIFO

prediction gives a upper limit to a possibly higher polarization for atoms

emerging from the spout due to a polarization gradient from the cell input to

output spout. However, in the cell design discussed later, the Na-D spin

exchange collisions are a factor of 100 below the number of wall collisions

which should serve to eliminate polarization gradients.

EQUILIBRIUM FLOW WITH CELL WALL DEPOLARIZATION

So far we have shown, that the deuterium spin state population

expected from polarization cell operating under molecular flow conditions is

given by the following expression:

peq (10)

where X is the average number of spin exchange collisions a D atom makes

before emerging from the polarization cell. Letting Tw be the average time

between D-atom wall collisions, depolarization due to these collisions is

easily accounted for by making the following replacement in Eq. 9:

1/TC «• (1/TC + D p/T w); (11)

where D p is the probability a given wall collision depolarizes the colliding D

atom. Eq. 10 can then be rewritten as

Peq e I-Xef£<LN-l-I/Xeff)]-
1p0,

where X_f£ is the effective number of spin exchange collisions,

(12)

1/X
eff

DpTc/Tw)/X,

DpW)/X. (13)
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Figure 8: The deuterium nuclear tensor polarization, t^n versus the number of
spin exchange collisions/ D atom, for the various Na polarizations
as computed for the EP and FIFO models.
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The parameter, W«TC/TW, is simply the number of wall collisions an atom makes

before escaping from the spin exchange cell. Using Xejf in place of X, the EF

model curves in Pig. 8 can be used to predict target performance when there

are depolarizing wall collisions.

The depolarization probability, D, can be further broken down to

include different depolarization rates for different regions inside the

cell. In particular, we will consider collisions with the cell wall material

to have a characteristic depolarization probability, D w and assume that when

D-atoms strike the entrance to the Na pot they always emerge from this region

completely depolarized. Therefore, the depolarization probability can be

written as,

D p- (Ap/Ac + Dw(l-Ap/Ac), (14)

where A_ and Ac are the Na pot entrance area and the spin exchange cell wall

area.

THE CELL PERFORMANCE-DESIGN CONNECTION FOR DEUTERIUM

In the previous section we found that the effective number of spin

exchange collisions a D-atorn makes before leaving the polarization region,

Xeff determines the extent of deuterium tensor polarization observed at the

cell exit for a given Na vapor polarization. In this section we show that for

a polarization cell operating in the molecular flow regime Xejj is independent

of the deuterium flow rate. Indeed, X£ff is shown to be determined only by

cell geometry, the Na-D electron spin exchange cross section (<rex)* the

material depolarization probability (D w), and the Na vapor pressure (pNa) at

the chosen operating temperature (T). General expressions for Xeff are

developed in terms of the cell configuration shown in Fig. 9. "Optimum" cell

dimensions are selected and the limits to cell performance are discussed in

the following section.

There are four regions in the polarization cell (Fig. 9) whose gas

conductances come into play: the Na pot neck between the Na pot and the spin

exchange cell (length, 1 and diameter, d p ) , the spin exchange cell (lc and

d c ) , the exit spout (18 and d g ) , and the dissociator neck between dissociator

and spin exchange cell. To simplify our model calculations, a number of

reasonable assumptions are made. These include 1) the dissociator bottle and
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Figure 9: The basic polarization cell layout used for molecular flow
calculations.
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Na pot are large reservoirs whose conductances can be ignored, 2) both Na and

deuterium atoms undergo molecular flow in the spin exchange cell and spout,

and 3) backflow of Na and deuterium from the cell into the dissociator is

negligible. This last assumption implies that the dissociator neck should be

designed with a very small conductance as compared to that of the rest of the

polarization cell. This necessarily leads to much higher deuterium gas

pressure in dissociator than in the cell; and one would should expect the

deuterium flow in the neck to be in the so called transition region10 where

atomic collisions cannot be ignored.

For convenience let us define the general tube conductance factor, CQ;

Ca- da
2/1.06(l+31aMda) (15)

where the subscript a can take on value of p, c, or s indicating a dependence

on the Na pot neck, spin exchange cell, or spout dimensions, respectively.

The average Na density, n N a in the spin exchange cell is related to

the Na vapor pressure, the conductance of Na pot neck, and to a lesser extent,

the conductances of the cell and spout. The Na vapor pressure, p» in Torr

can be parameterized11 as:

PNa(T) - [10<9.235-5567/T)]/Tl/2>

where T is the temperature in degrees K. Defining the total conductance

factor from the Na pot through the spout as,

CT - [ 1/Cp + 1/C8 + 1/CC ], (17)

then the Na density in atoms/cm^ can be shown to be,

n N a - Pna(T) CT[1/CS) + 1/2CC] 9.66 x 10
18/T (18)

In order to prevent the condensation of Na on the spin exchange cell

and spout walls, the temperature of these regions must be kept slightly higher

than that of the Na pot. Eq. 18 was derived from standard molecular flow

formula8*0 for flow through coaxial tubes. The 90-degree bends between the
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spin exchange cell and the Na pot neck or spout were Ignored since the

conditions, d c»d and d c»d s, are satisfied for the specific cell design

considered later.

The average number of wall collisions an atom experiences before

escaping a containment vessel, V, is given only by the cell geometry. For the

general cell layout shown in Fig. 9,

W - 4AC(1/C8 + l/2Cc)]/ir; (19)

where Ac is the spin exchange cell wall area. The number of spin exchange

collisions a D atom makes in the spin exchange cell can be shown to be

directly related to W according the formula,

X - 4(1 + 2/23)1/2VcnNaaexW/Ac, (20)

where Vc is the spin exchange cell volume. A conservative estimate of the Na-

D spin exchange cross section, aav is 5 x 10 cnr which comes from

measurements of similar atomic reactions. Substituting this result into Eq.

13 from the previous section,

X e f f - 4(1 + 2/23)
1/2VcnNa0exW/Ac(l+DpW), (21)

for completeness we rewrite Eq. 14 as,

D p - R + E^l-R), R-Ap/Ac. (22)

The above equations complete the connection between cell performance and

design.

AN "OPTIMIZED" CELL DESIGN

Presented in this section are cell dimensions "optimized" so as to

minimize depolarizing wall collisions yet still contain the D atoms for a time

period long enough to allow for sufficient spin exchange collisions, Xeff.

Initially, from Eq. 21, one might expect to accomplish this goal by

diminishing the number of wall collisions, W, while increasing the Na density
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to maintain Xejj. However, increasing the Na density independent of V

requires increasing the cell operating temperature. Generally, cell wall

coatings become less effective at higher temperatures resulting in the

product, DpW in the denominator becoming large, thus diminishing Xeff. In

addition, the ability to maintain a Na polarization above 90% for higher Na

densities (thicknesses) becomes limited by available laser power and other

effects discussed later. As a cell design criterion, we chose to sacrifice

half of spin exchange wall collisions to depolarization to keep both the Na

density and cell temperature reasonably low; i.e, Xefj«X/2. This design

restriction when substituted into Eq. 13 implies that

DpW-l. (23)

In order to directly relate D p to the wall material depolarization

probability, D w; we require the polarization losses due to D-atoms colliding

with the Na pot entrance to be equal to those with the cell wall; i.e, from

Eq. 22

R/U-R)
"w. (24)

Since R « l ,

DP 2D* (25)

From studies of rubidium optical pumping with different wall coatings , one

might hope that a cell wall coating can be developed for deuterium (and Na) to

give D = 5 x 10"*, Eq. 25 then implies D «10"3 from which we conclude that the

cell dimensions must allow for 1000 wall collisions (according to Eq. 23).

While a complete optimization has not been carried out, a set of

cell dimensions has been found by a trlal-and-error technique which gives 1000

wall collisions (Eq. 19), and for a Na density of 3.1 x 10 atoms/cm ,

results in a Xeff*5 (Eq. 21). Following the notation of Fig. 9, these

dimensions are

dp
d c
d s

- 0
- 0

- 0

.06

.75

.20

cm,
cm,

cm;

h> m

c m

1 . -

0
2

1

.06

.06

.00

cm;
cm;

cm. (26)
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The Na pot neck diameter (d - 0.6 mm) is constrained by Eq. 24,

which requires R«Ap/Ac ~ 5 x 10"^. In order to keep the gas conductance of

the Na pot neck low while maintaining some mechanical strength in the cell-pot

connection, we have chosen the pot entrance tube length lp" 0.6 mm also.

Thus, according to Eq. 18, a Ha pot temperature of 232° C gives the necessary

Na density In the spin exchange cell. The spin exchange cell and spout should

be kept at a temperature slightly higher than this to prevent Na condensation

on the cell and spout walls. In spite of our attempts to minimize the

temperature, attaining a wall material depolarization of 5 x 10 at cell

temperatures in the range of 235° C would seem to be major technical

obstacle. However, we know of no experimental depolarization studies in this

temperature range.

With Xe££»5 and a Na polarization equal to 95%, the EP model

predicts that the tensor polarization of the target is limited to t£Q < 0.3

(from Fig. 8). Of course, the extent of the Na vapor polarization in an

operational cell is determined by the rate at which depolarizing spin exchange

collisions (and other losses) can be counteracted by the laser optical pumping

process, which is the topic of the following sections.

A MATTER OF ENGLISH

The tensor polarization of the deuterium atoms as they pass through

the spin exchange cell can be viewed as a transfer of angular momentum from

circularly polarized photons through the Na vapor to the D atoms. We propose

to name the rate at which this transfer occurs, "English", in analogy to the

term used in the game of billiards or pool. The polarizing photon is

analogous to a cue stick which sets the Na atom, the cue ball (an

intermediary), into a spinning motion. The spin of the cue ball can then be

used to "knock" the other billiard balls, D atoms, into the appropriate

state. English, in the sense we wish to define it, is an angular momentum

Impulse transmitted through an intermediary. We also propose that the

appropriate unit for English be watts or the units of power. A single photon

can carry at most one tf of angular momentum, and at given wavelength, a

specific amount of energy; therefore, the angular momentum transfer rate can

be identified with a photon or energy rate, or power.
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We can roughly estimate the amount of English necessary to maintain

a perfectly polarized vapor of Na atoms against spin exchange collisions with

an unpolarized flow of D-atoms according to the following formula:

pNa-D = <3/2>XFD /< 2' 9 6 x 1()18> watts, (27)

where X is the number of spin exchange collisions a D atom makes while flowing

through the polarization cell at a rate, FD in atoms/sec. At 589.6 A (the

optical pumping wavelength), 2.96 x 10^^ photons carry a Joule of energy. The

factor of 3/2 crudely accounts for the efficiency of the optical pumping

process in Na (ignoring the nuclear spin). From Eq. 27 a deuterium flow of

4 x 10*^ atoms/sec with X«10 requires an English of 2 watts. For molecular

flow with the cell temperature and geometry discussed earlier, this flow

corresponds to a density of the deuterium in the cell of 1.2 x 1 0 " atoms/cm .

EQUILIBRIUM FLOW OPTICAL PUMPING WITH NA-D ELECTRON SPIN EXCHANGE

For a better estimate of the required English and the polarization

performance of the target system, we need to consider the optical pumping

process in more detail including its coupling to deuterium polarization

through electron spin exchange. We will develop a set of coupled rate

equations for the Na spin state population density in a fashion quite

analogous to those derived for the deuterium earlier. The source terms in

these equations are the optical pumping transition probabilities taken from

sarlier work by Franzen and Emslie* and Raittr which are appropriate for low

power optical pumping. By low power we mean that the stimulated emission is

Lgnored, which may well be an Incorrect assumption for the laser power

tensities required. However, we believe stimulated emission effects can only

serve to increase the predicted performance of the target system.

Starting with the optical pumping source term let the Na population

lensity vector be p'(t), then a matrix difference equation can be written in

fashion similar to the deuterium case as,

p'(t+At) - (l-pQo'AOp^t) + (B0At)B'p'(t). (28)

[he product, 80AtB* gives the probability that a specific spin state Is



332

populated in the optical pumping process reaction in a time At, where SQ is

the average photon absorption rate per Na atom for unpolarized optically thin

Na vapor. The parameter B, is a matrix operator^"-* describing the probability

that a particular state is populated, given a photon absorption has

occurred. The probability that a transition occurs into some state is given

b v «' * Ii B'ik' T h u s t h e term» (1- 6o°'At) 8 l v e s t h e probability that a

photon absorption has not occurred. (The analogue of a, in the deuterium spin

exchange expressions turns out to be equal to 1.) The elements of p, are

state population probabilities in the (m^,mi) basis; namely,

( 3/2, 1/2)
( 3/2,-1/2)
( 1/2, 1/2)
( 1/2,-1/2)
(-1/2, 1/2)
(-1/2,-1/2)
(-3/2, 1/2)
y-3/2,-3/2)

(29)

From our experience with the deuterium system, we can immediately

include the effects of electron spin exchange, Na flow, and wall

depolarization. Let r, be Na-D spin exchange rate per Na atom, X'eff be the

effective number of Na-D electron spin exchange collisions per Na atom, and

the matrices L, and N, be the hyperfine and spin exchange operators^ analogous

to those defined in the deuterium case; then Eq. 28 becomes:

p'(t+At) - [1 - (Boa
,+r'+r7X,

eff)At]p'(t)
, )Atp' (t) + (r'At/Xeff)p'o,

where

L,

1
0
0
0
0
0
0
0

0
5/8
3/8
0
0
0
0
0

0
3/8
5/8
0
0
0
0
0

0
0
0
1/2
1/2
0
0
0

0
0
0
1/2
1/2
0
0
0

0
0
0
0
0
5/8
3/8
0

0
0
0
0
0
3/8
5/8
0

0
0
0
0
0
0
0
1
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Q
1-Q

0
0
0
0
0
0

Q
1-Q

0
0
0
0
0
0

0
0
Q

1-Q
0
0
0
0

0
0
Q

1-Q
0
0
0
0

0
0
0
0
Q

1-Q
0
0

0
0
0
0
Q

1-Q
0
0

0
0
0
0
0
0
Q

1-Q

0
0
0
0
0
0
Q

1- (30)

where the parameter, Q is the probability that, given a spin exchange

interaction, the deuterium electron has a spin z-projection of 4-1/2; and

1/X'
e f f

(31)

W is the number of wall collisions an atom makes before exiting the cell,

which is completely defined by cell geometry (Eq. 19) and in particular

independent of atomic species (for molecular flow). X, is the number of

electron spin exchange collisions a Na atom makes before exiting the cell.

in the deuterium case,

As

D ' « R + (32)

where D' w is wall material depolarization probability for Na. Generally, we

will assume D,

Taking the limit At + 0, Eq. 30 becomes the differential equation,

p, - 0O(B' - a
,)?, + r'a'N, - 1 - 1/X\if)p' + (r

,/X,
eff)p' (33)

In the EF approach the Na state population of interest i s the

equilibrium solution of Eq. 33; i . e . ,

P'(t)-p'eq»[ -X'eff( YfB'-a,] + L'N, - 1 - 1/X'eff

t •*• o>

(34)

where Y - P Q / T , . The Na spin state population given above i s dependent on the

deuterium electron polarization in the N'(Q) matrix computed from the D spin

sta^e population from Eq. 12. However, the Eq. 12 depends on the Na electron
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polarization in the N(q) matrix which is computed from Eq. 34. These

equations are therefore directly coupled in this manner. For completeness we

give below the expressions for the D and Na spin electron spin probabilities,

q and Q, in terms of the population densities:

7 5

q - I (P 'eqh » Q " I (Peq>i • <35>
i«odd i«odd

Eqs. 12, 34 and 35 form a se t of coupled equations whose so lut ion y i e lds both

the Na and D spin s ta te populations which are mutually cons i s tent given three

parameters, X e f f for the deuterium equation, X*eff and Y both for the Na

equation.

THE CELL PERFORMANCE-DESIGN CONNECTION FOR Na

As a separate system, we have shown that the Na spin s t a t e

population i s determined by the degree of deuterium electron polarizat ion and

the parameters, Y and X ' e f f In th is sec t ion , we present the connection

between these parameters and - - the polarizat ion c e l l geometry, deuterium flow

r a t e , Na-D e lectron spin exchange cross s ec t ion , the Na D^ l ine photon

absorption cross sec t ion , the Na vapor pressure at the c e l l operating

temperature, the Na wall material depolarization probabi l i ty , and the incident

laser l i g h t power and bandwidth (assumed 100% c ircu lar ly po lar ized) . As in

the case of the deuterium we w i l l assume the general c e l l layout as shown in

Fig . 9 .

Start ing with X ' e f f -X'/d+D'pW) (from Eq. 31) , we can express X ' e f f

in terms of c e l l geometry, the D flow rate , the spin exchange c e l l

temperature, and D'w a s ,

X ' e f f " A( 1+23/2) 1 / 2V cnDa e xW/A c [ l + W( R + D'w( l -R)) ] , (36)

where

nD - FDW/[3638AC(T/2)1 /21, (37)
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is the deuterium density in atoms/cm. The D flow rate is

and other parameters have been defined in previous sections.

in atoms/sec,

The parameter, Y is the ratio of the average photon absorption rate

per Na atom for an unpolarized vapor, 6Q to the Na-D electron spin exchange

rate per Na atom, r,. Thus, Y measures the extent to which the laser light

can replenish polarization losses due to spin exchanges. For molecular flow,

r, - 4.57xl04nn« [T( 1/23+1/2) ]1/2/ir.'D°ex
(38)

The spectral intensity I(z+Az) along the z-axis of the ce l l i s given according

to the formula:

l(z+Az)-l(z)-0(z)6onNaAz/Av (39)

where 8(z)=*tr(B'p(z)')/tr(B'P'Q) is the normalized photon absorption rate per

Na atom for an arbitrary Na vapor spin population and Av, the absorption

bandwidth. Assuming full coverage of the doppler frequency absorption

bandwidth by the incident light, $Q is given in terms of the spectral

intensity, l(z) as,

0o=ircrofl(z)-4.4xlO"3I(z) (40)

where c is the speed of l ight, VQ is the classical radius of the electron, and

f is the oscil lator strength for the transition of interest. For an incident

laser power, Pw in watts giving full doppler coverage over an area, a c »

l(z-0)-PwX/(l.987 x 10' 1 5 ac) tphotons/(sec-cm2-HI!)] ,

where A(»5896 A) is the wavelength of the incident light in A.

(41)

The Na density in the proposed cell design is far from optically

thin for the incident light intensities anticipated (1-2 watts). Therefore,

BQ becomes dependent on z and thus to obtain the Na polarization, Eqs. 34 and

35 must be evaluated in discrete steps (Az) from the front of the cell at the

incident laser intensity to the back with the aid of Eqs. 39 and 40. Since

the EF model assumes that the Na-D spin exchange collisions occur at random
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locations in the cell, the Na electron polarization, q used in the D atom spin

population calculation (Eq. 12) is taken as the average of the z-dependent Na

electron polarizations computed, according to Eq. 35, in discrete steps.

CELL PERFORMANCE

In this section, the cell performance or the tensor polarization of

the deuterium which emerges from the spout is discussed. The numerical

solution of the coupled Na-D spin population equations for the earlier

discussed cell design is presented as a function of the power of the incident

laser light which is assumed to be perfectly matched to the doppler broadened

absorption bandwidth of the Na vapor including the 1.7 GHz hyperfine splitting

of the S j ^ level (~4 GHz).

From our crude arguments on the required English in an earlier

section, we shall chose a D flowrate of 4 x lO1^ atoms/sec with an incident

laser intensity of 2 watts (or 4.5 watts/cnr). With this deuterium flowrate

and the cell parameters given earlier we conclude that the deuterium density,

n^i 1.1 x 10 atoms/cm from Eq. 37, the effective number of Na-D spin

exchange collisions per Na-atom, X'e£f«3 x io
J from Eq. 36, and the Na-D spin

exchange rate, r,- 1.3 x 106/(sec Na-atom) from Eq. 38. We estimate the

maximum target thickness obtainable by an appropriate containment vessel at

the end of the polarization cell spout from the thickness inside the spin

exchange cell, nDlc« 2.3 x 10
15atoms/cm2.

The light absorption rate per Na atom for unpolarized Na, 8Q, at the

front of the cell (z>0) for a A M GHz bandwidth equals 1.5 x 10^ photons

absorbed/(sec Na-atom). Finally we find compute, Y(z-0)«6Q(z-0)/r'« 10.8.

Using a iterative computational technique, Eqs. 12, 34 and 35 have

been solved for Y(z-0)»10.8, X,
eff»3 x 10

3 and Xeff«5 yielding a deuterium

tensor polarization of 0.28 with a Na electron polarization of 95% and

0.65 watts of laser power absorbed by the Na vapor in spin exchange cell.

This absorbed power should be identified as English since it represents

angular momentum put into the Na vapor which is lost in depolarizing wall

collisions or Na flow or is transferred to the deuterium atoms. (Our crude

English estimate from Eq* 27, based on absorption by an unpolarized vapor,

turns out to be a reasonable assessment of the necessary incident laser power

to achieve high target polarization.) Figure 10 shows the dependence of the
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English and the deuterium tensor polarization upon the incident laser power

with all other cell design parameters held constant. From these curves we see

that 1 watt of incident laser power produces an English « 0.57 watts, which

makes more efficient use of laser power at the expense of t2Q*B0.22.

Deuterium recombination into D2 and other chemical reactions which

remove atomic deuterium from the flow out of dissociator have been ignored in

the previous calculations. .Clearly,, a, deuterium nucleus loses its tensor

polarization in a weak magnetic field when recombination occurs. Also,

deuterium molecules will not interact with the Na and D atoms under conditions

of molecular flow; therefore, molecular deuterium from incomplete dissociation

or recombination inside the spin exchange cell simply contributes a background

of unpolarized deuterium which emerges from the spout and degrades the

observed overall target polarization according to the formula,

t20 = [3(p_1+P+1+f(2/3-p_1+p+1)-2]//2, (42)

in the notation of Eq. 1, where f is the fraction of deuterium atoms in

molecular form and p i only describes the nuclear spin population of the

deuterium in monoatomic form.

We have also ignored Na-Na and D-D spin exchange process in the

previous calculations. The effect of such collisions has been discussed by

Anderson et al. When a large number of spin exchange collisions occur a

spin-spin equilibrium is established such that the population density can be

characterized by a single parameter, the spin temperature.

Since there are so few Na-D spin exchange collisions per atom in our

cell, we do not expect that a single spin temperature would describe the

combined Na and D populations. As for the Na population as separate system,

Na-Na spin exchanges are 2 orders magnitude less frequent than Na-D spin

exchanges, which is an order of magnitude less than the optical pumping rate

(since Y»10.8); therefore, the Na spin state population is dominated by the

optical pumping process when conditions of high Na polarization are

maintained. However, for the deuterium population a spin-spin equilibrium is

most likely achieved, since between every Na-D collision an average of 480 D-D

spin exchanges occur. Using the FIFO model in discrete time steps, we have

studied the effect of including D-D spin exchange collisions between Na-D spin
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exchanges where the deuterium average electron spin polarization is recomputed

after each step as input for the next D-D spin exchange. The results of this

modeling show a 2% effect in t2Q for 5 Na-D spin exchange collisions. Indeed,

the effect of electron spin exchange followed by hyperfine mixing results in a

deuterium population distribution quite close to that given by spin-spin

equilibrium.

TECHNICAL OBSTACLES TO A WORKING TARGET

In order to produce a tensor polarized deuterium target with

t2Q =0.3 and a thickness of 2.3 x 10
15 atoms/cm2 (with a D flow of 4 x 10 1 7

atoms/sec), we require a laser with sufficient power and frequency coverage to

optically pump a Na vapor at 235° C to 95% polarization while putting 650 mW

of English through this vapor. Also, the polarization cell wall material must

have a depolarization probability less than or equal to 5 x 10"* and a

recombination probability less than or equal to 10 at 235° C with the

deuterium entering the cell being ~90% dissociated.

As for the laser requirements, we estimate a that 4.5 watts/cm in a

4 GHz bandwidth would do the job with one pass through the spin exchange cell.

It may be possible to lower the power requirement by reflecting the beam which

emerges from the cell back into the cell. Also, one could use two lasers

tuned at slight different frequencies to obtain the necessary frequency

coverage and power. As mentioned earlier our estimates of the necessary laser

power does not include stimulated emission effects which we believe can only

serve to increase the vapor polarization. We have also ignored the

depolarizing effects of "radiation trapping,"** which may place a practical

limit to the Na density for a given polarization and English. High-power,

high-English, and high-polarization -- optical pumping for the Na vapor

density in our range of interest has yet to be demonstrated.

Nearly independent of the necessary optical pumping technology is

the requirement of low depolarization and recombination probabilities for the

cell wall material. We know of no extensive studies of these properties for

any materials in the temperature range interest (235° C). If the requirement

of a low Z optical pumping vapor could be relaxed (originally necessary to

prevent excessive bremsstalung losses in the stored electron beam, lifetimes

~10 hours), a different alkali vapor could be optically pumped giving the same
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performance at lower temperatures. Indeed, we have calculated that the

proposed polarization cell design could be operated at 125° C with a rubidium

vapor and similar laser power requirements. This is close to the temperature

where cell wall coatings have been developed for rubidium which give

depolarization probabilities in the 10"^ range.^
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OPTICAL PUMPING PRODUCTION OF SPIN POLARIZED HYDROGEN

R. J. Knize, W. Happer, and J. L. Cecchi

Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08544

I. INTRODUCTION

There has been much interest recently in the production of large

quantities of spin polarized hydrogen in various fields including

controlled fusion, quantum fluids, high energy, and nuclear physics. One

promising method for the development of large quantities of spin polarized

hydrogen is the utilization of optical pumping with a laser. Optical

pumping is a process where photon angular momentum is converted into

electron and nuclear spin. The advent of tunable CW dye lasers (~ 1 watt)

1 ft

allow the production of greater than 10 polarized atoms/sec. We have

begun a program at Princeton to investigate the physics and technology of

using optical pumping to produce large quantities of spin polarized

hydrogen. Initial experiments have been done in small closed glass

cells. Eventually, a flowing system, open target, or polarized ion source

could be constructed.

An example illustrating optical pumping is shown in Pig. 1 for *^Rb

which possess a nuclear spin of I = 3/2. The rubidium vapor is illuminated

with circular polarized D1 resonance light (795 nm). Conservation of

angular momentum requires that for excitation to the P1/2 state the

selection rule Am^ = + 1 applies. The excited atoms quickly decay back to
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the ground state with the selection rule Am = ±1,0 weighted by the

respective branching ratios. The net result is the increase in the

absolute value of the angular momentum, or population of the F = 2, Mp = ±2

state (dependent on the use of left versus right hand polarized light).

Relaxations will repopulate the other sublevels. The steady-state electron

spin polarization S R will be given by

/2
s oPt

opt 'R

where F t is the optical pumping rate, and y^ is the rubidium relaxation

rate. The optical pumping rate will be approximately

T-, T rr I 0 \

opt ABS

where I is the flux of photons, and <JABS (~ 10~11 cm2) is the absorption

cross section. At 795 nm and 1 watt/cm2, T o p t ~ 4 x 10
7 sec"1. Typical yR

is 100 sec" and 1 sec"1 for uncoated and coated cells, respectively.

Thus, the rubidium polarization can exceed 99%, and the polarization rates

of ~ 101^ sec"1 should be feasible. Atomic hydrogen cannot be directly

polarized in a similar manner because of the lack of intense Lyman alpha

light sources, good polarizers, and filters. Fortunately, spin exchange

collisions allow polarization of hydrogen2 and other species. After the

rubidium is polarized, it can spin exchange with hydrogen atoms

Rb(t) + H(l) •»• Rb( + ) + H(t), (3)

J
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where the arrows signify the electron spins. Spin exchange cross sections

—14
between paramagnetic species are large, being of the order a g E ~ 10

cm2. After the collision, the hyperfine interaction will couple the

electron and nuclear spins of the hydrogen atom, resulting in a transfer of

electron spin to the nucleus. After several spin exchange collisions, the

hydrogen atom will eventually become both electron and nuclear spin

polarized. In steady state, the hydrogen spin will be approximately

[Rb] VCT

H [Rb] vtfSE + yH
 SR

where [Rb] is the rubidium density (~ 1011 - 10 1 3 c m - 3 ) , v is the relative

velocity (~ 105 cm sec"1), and yH is the hydrogen relaxation rate.

Equation (4) is an approximation where the recombination time of hydrogen

atoms is assumed to be long. For a coated cell where yH ~ 1 sec" and at a

density of [Rb] = 10 1 2 cm"3, Eq. (4) yields S H = 0.999 SR. Thus for a cell

being pumped with a laser, both the rubidium and hydrogen should be almost

completely polarized.

2. EXPERIMENTAL RESULTS

Figure 2 shows a schematic diagram of the apparatus. A Coherent Ring

Dye Laser (Model 699-21) is operated with LD700 dye and pumped by a Spectra

Physics (Model 171-01) Krypton ion pump laser. About 600 MW of broad band

(Af ~ 7 GHz) and 400 MW single frequency (Af ~ 1 MHz) power are available

at the first rubidium resonance wavelength of 795 nm. The laser light is

circularly polarized with a linear polarizer and quarter wave plate. In

addition to the laser, a resonance lamp has been utilized for pumping. The



34 6

advantage of a resonance lamp is the simplicity of operation, and the fact

that the lamp operates at the shot noise limit though the intensity is low

(microwatts cm ). The Rb density can be controlled by changing the pyrex

cell temperature with a typical temperature of 100°C yielding [Rb] ~ 5 x

10 2 cm-3. The circular polarized light optically pumps the rubidium

vapor. As the vapor is polarized, the light transmission will increase

with a decrease in the fluorescence. In addition to pumping "he rubidium

vapor, the laser (lamp) can be used to probe the polarization. The cell is

located in a few gauss magnetic field which defines the axis of

quantization and provides a small Zeeman splitting (see Fig. 3). A

radiof requency field (few MHz) can be applied ' either the rubidium oi

hydrogen Zeeman frequency causing depolarization. This depolarization

leads to an reabsorption of pumping light, and therefore an increase in -Jie

fluorescence and increase in the opacity of the vapor. Depolarization of

the hydrogen depolarizes the rubidium due to spin exchange orllisions.

Hydrogen atoms are formed by a pulsed (10~4 sec) radiofrequency

discharge. The Zeeman RF field is modulated (~ 10-100 HZ) with two

discharge pulses/cycle. The signal is measured with a lock-in amplifier as

the difference in transmission (or fluorescence) with and without the

depolarizing RF field.

Figure 4 shows a typical rubidium signal obtained using a resonance

lamp at a 9 gauss magnetic field. The quadratic Zeeman affect separates

the individual transitions within the F manifolds. This quadratic Zeeman

splitting allows convenient direct determination of the spin temperature

and polarization. If spin exchange collisions are sufficiently rapid, the

population of the sublevel m can be described by a spin temperature p,
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P(m) =
Z e

βm *

Analysis of Pig. 4 yields a spin temperature of p = 0.2 or a rubidium

electron or nuclear spin of about 10%. This polarization is in agreement

with other measurements of y
R
, r

o p t
, and utilization of Bq. (1).

Figure 5 shows the observed Zeeman signals for pumping with a 2 mW

laser beam which was expanded to 0-5 cm diameter. In this case, the

hydrogen spin was determined to be about 10%. Similar measurements for

rubidium signal yielded a polarization of 30%. The major reason why these

polarizations are not larger is due to diffusion out of the laser beam and

subsequent depolarization at the walls. This problem will be corrected in

future work utilizing coated walls which will substantially decrease the

relaxation rates.

3. ULTIMATE PRODUCTION RATES

In this section, we examine some of the limitations imposed on the

ultimate densities and polarizations which can be achieved using optical

pumping-spin exchange to produce polarized hydrogen.

The first requirement is for the spin exchange rate R
g E
 = [Rb]v<j

gE

exceed the hydrogen relaxation rate y
H
 in order to maximize S

H
 (Bq. 4).

The spin exchange rate R
g E
 can be varied by changing the temperature. For

typical operating temperatures (50-150°C), the rates are 10 - 10 sec
- 1
.

The hydrogen will relax due to wall collisions and volume relaxation. The

wall relaxation rate can be reduced to about 1 sec"
1
 by coating the walls

with a suitable compound such as paraffin, Teflon, etc* The volume
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relaxation will be due spin flip collisions

(6)

where one hydrogen spin can create a fluctuating magnetic field which

causes the other atom to flip its spin* The interaction of two dipoles at

a separation r is given by the interaction energy V,

•> . •>

(7 )

T '

where μ
B
 is the Bohr magneton. The cross section for depolarization is

estimated to be

a
DEPOL ~ H 7

)

. -21 2
~ 10 cm

The depolarization rate will be

(8)

RDEPOL - [ H l V f f D E P O L
(9)

There will be a similar depolarization rate due to spin orbit inter-

actions* The requirement that

\
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R
EX

RDEPOL

leads to a requirement on the ratio of hydrogen and rubidium densities,

DEPOL

Since Rb vapors of densities of 10 cm" can easily be polarized, the

hydrogen density should be less than about 10 cm for 99% polarization.

Another requirement to achieve high polarization is that the laser

power must exceed the depolarization rates. The loss of spin L^ due to

rubidium wall collisions will be

L R = [Rb] V Y R S R , (12)

and the loss of spin due to the hydrogen L H will be

[H]2 V V a D E p 0 L SH + [HJ V Y H . (13)

Since yR, Y H ~ 1 sec" , the dominant spin loss mechanism will be due to

spin flips in the vapor which leads to the requirement on the laser photon

intensity I,

I > [H]2 V vff M p 0 L. (14)
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2 3 1 6 — 3

For a 1 watt/cm laser and 50 cm volume, [H] < 2 x 10 cm . Thus, there
16 —3appears to be an upper limit of about 10 cm on the hydrogen density

that can be highly polarized.

K 4. CONCLUSIONS
.>•

1' Laser Optical Pumping-Spin Exchange appears to be an efficient

'• t technique for the production of large quantities of spin-polarized

1 hydrogen. Experiments have been initiated using a laser and lamp to

investigate this technique. Hydrogen and rubidium polarizations of 10 and

30 percent have been achieved. Future experiments will use coated cells

: which will reduce the relaxation rates and increase S- and S . It is

expected that ultimate hydrogen polarizations exceeding 99% should be

: obtainable at densities of 10 cm- .
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FIGURE CAPTIONS

87FIG. 1. Optical Pumping of Rb. Illumination of the vapor with right

hand circular polarized light eventually populates the F = 2, m
p
 =

2 state.

FIG. 2. Schematic Diagram of the apparatus.

FIG. 3* Zeeman splitting of the F=1 hydrogen ground states. The quadratic

dependence on the magnetic field allows determination of the spin

temperature β and hydrogen polarization. The rubidium Zeeman

affect is similar except there is more levels involved.

FIG. 4. Observed rubidium Zeeman transitions obtained with resonance lamp

pumping. Ratio of adjacent transitions yields a polarization of

about 10%.

FIG. 5. Observed hydrogen Zeeman transitions obtained with laser

pumping. Ratio of the two transitions yields a nuclear

polarization of about 10%.



353

#83P0064

)a exp(£mF)

-2 -I 0

FIG. 1



354

Spectra Physics 171-01
Krypton Ion Pump Laser

Chart
Recorder

Lock in

Lock in

RF Sweep
Oscillator

Coaxial
Discharge

Cavity

2400 MHz
100 Watts

Coherent 699-21
Ring Dye Laser

Amp

Phototube

f Sealed Pyrex
Cell

B. Coswt

#83P0055

Mirror

t
Light

Chopper

I

•

Mirror

Linear
Polarizer

FIGo 2



355

0.03
0

BH (gauss)
10 (5

#83P0065

20 25

0.02

0.01

-0.01

-0.02

-0.03
0 0.01 0.02 0.03 0.04

X=gj/x0B/AEHFS

30

40

30

20

AEH(MHz)=l.4B-l.4xKTB

AEH(MHz)=l.4B+l.4xKrB

-40

0.05 0.06



85Rb ZEEMAN SIGNAL

ro

JO
m
o
cr
m

o -
CO



4.70

#84POI83

FREQUENCY (MH7)

—J

4.77

FIG. 5



35 9

OPTICALLY PUMPED POLARIZED ALKALI ATOMIC BEAMS AND TARGETS*

L. W. Anderson
Dept. of Physics
Univ. of Wisconsin
Madison, WI 53706

ABSTRACT

The optical pumping of JNa and Li atomic beams is discussed.
23Experiments on the optical pumping of Na atomic beams using either a

single mode dye laser followed by a double passed acousto-optic modulator
23or a multimode dye laser are reported. The optical pumping of a Na

vapor target for use In a polarized H"* ion source is discussed. Results

on the use of vlton as a wall coating with a long relaxation time are

reported.

I. OPTICALLY PUMPED POLARIZED ALKALI ATOM BEAMS

We have studied the optical pumping of both Li and " N a atomic

beams. » The use of laser optical pumping to produce polarized alkali

atom beams is of current interest. Polarized atom beams are useful in

atomic physics for collision experiments and are of Interest in nuclear

physics for polarized targets and ion sources. Optical pumping produces

polarized atoms by the repeated absorption of circularly polarized light

followed by spontaneous emission. The process results in the transfer of

atoms to states with high Mp for absorption of a + light where Mp is the z

component of the total angular momentum F. Effective optical pumping

requires that the product of light intensity times the atom-light

Interaction time is large enough that many cycles of absorption followed

by spontaneous emission occur. In order to achieve maximum polarization,

it Is necessary either to have absorption from both ground hyperflne

levels or to have absorption from one hyperfine level and to eliminate

atoms on the other hyperfine level. Several experiments on the laser

optical pumping of alkali beams have been previously reported. Baum

et.al. have polarized a Li (Ial) beam using a single-frequency dye laser

followed by an acousto-optic modulator (AOM) to produce two light beams at

two different frequencies to pump both ground hyperfine levels. Both

*This work supported by U.S. Dept. of Energy, Office of High Energy and
Nuclear Physics. Division of Nuclear Phvaics. under Grant No. nR-Ann?_RiFPAnni
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HiIs, Jitschin, and Kleinpoppen and Treves et al. have polarized a Na

(I=»3/2) beam using a single-frequency dye laser to pump atoms In the lower

hyperfine level. Recently, Dreves et al. have polarized a Na beam with a

single-frequency dye laser plus rf transitions to couple the two ground

hyperfine levels. Dreves et al. have also demonstrated the transfer of

atoms between different Zeeman hyperfine states using intermediate field

adiabatic transitions, so that atoms in the F=-2, Mp=2 state can be

transferred to a different state. In this paper we report the production
6 23

of highly polarized Li or Na atomic beams by several different optical

pumping methods.

A. The polarization of a Li atomic beam.

We have produced a polarized Li beam using optical pumping. Our

apparatus is shown schematically in Fig. 1. A beam of Li atoms is

produced by a 900°K oven, passes through a 6-pole magnet, and is detected

using a hot oxidized tungsten wire. Before entering the 6-pole magnet the

Li beam is optically pumped in a weak magnetic field (10G) using a light

from a single mode ring dye laser. Both the Li atomic beam and the dye

laser beam are about 2.0 mm in diameter.

The nuclear spin of 6Li is 1 and the F » 3/2 and F =• 1/2 ground
o

hyperfine levels are separated by 2.28 x 10 Hz. In order to optically

pump Li it is necessary for the light to interact with both hyperfine

levels. We use two pumping methods. In one method we use an

acousto-optic modulator (AOM) to produce two light beams with different

frequencies. One beam pumps the F =• 3/2 level and the other pumps the F =•

1/2 level. A similar experiment pumping a Li beam was previously

reported by Baum et al. In the other method we use Doppler shift pumping

(DSP) as suggested by Murnick and Feld. In this method two laser beams

with the same frequency are incident on the Li beam. One beam Is

incident normally and pumps the F =» 3/2 level. The other beam is incident

at an angle of 5.2° from the normal so that the Li atoms see the light

Doppler shifted to pump the F =» 1/2 level.

Repeated absorption of o* light followed by spontaneous decay results

in large occupation probabilities for states with positive Mp. Rate

equation calculations predict that, with our light intensity and radiation

interaction time, the occupation probabilities of the (F » 3/2, Mp • 3/2)
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probabilities are the (3/2, 1/2) and (1/2, 1/2) states. Changing the

polarization to a" results in the population of the states with negative

The Li atom flux through the 6-pole magnet depends on the optical

pumping. We denote the hot wire current with o"~ optical pumping as 1+ and

with no optical pumping as IQ. It can be shown that the electron and

nuclear spin polarizations are given by

2
2 r

n V - l " 2IO

where r = Q_i/Q__ is the rafio of the 6-pole acceptance solid angle (Q. for

an atom with the Mg = +1/2 in a high field to the acceptance solid angle

(Q_) for an atom with Mg = -1/2 in a high field. We measure r in a manner

similar to that used by Hils et al. We use a laser to pump atoms, out of

the F = 3/2 level so that a pure F = 1/2 beam is obtained. Using the

ratio of the pure F = 1/2 beam flux through the magnet to the flux without

pumping we obtain r = 3.7 ±0.2. The results of our experiments on Li

are presented in Table 1. Both

the electron and nuclear spin polarizations are large in all cases. The

polarization with DSP is not as large as that obtained using the AOM.

This occurs because the dye laser beam incident at an angle of 5.2° sees a

spread in the atom velocities. The Doppler shifted laser frequency is

equal to the atomic absorption frequency only at one velocity. An atom

whose absorption frequency is not the same as the Doppler shifted laser

frequency is pumped effectively if the laser has enough intensity to

saturate the transition at the off resonance frequency. Our measurements

Table 1. Electron spin polarization P_, and nuclear spin polarization for
o* pumping.

Atom Beam Method Light Intensity ^-\/2 n+l/2 Pe *\i
L i AOM 2.2W/cm^,,
6L1 2-beam DSP 2.2W/cnr,D, 0.14 0.06 0.79+0.08 0.87+0.09
6L i AOM 2.2W/cm^,D, 0.05 0.03 0.92+0.09 0.97+0.10
6 L 1 2-beam DSP 2 2 W / c n r D 0 1 4 0 0 6 0 7 9 + 0 0 8 0 8 7 + 0 0 9
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indicate that 0.19 of the F » 1/2 level atoms have velocities such that

they are not pumped using an intensity of 2.2 W/cra . This can be improved

using higher Intensity or a spread in the angles of incidence for the

light beam that pumps the P ==• 1/2 level. We have done a first experiment

on this by pumping the F * 1/2 level with two beams, one incident at 4°

and the other at 6° from the normal. The results are shown in Table 1.

The electron and nuclear polarizations in Table 1 may be slightly

larger than the true values since our analysis assumes that only 3 states

are important. We show in Table 1 measured values of the sum of the

occupation probabilities for states that have Mg =• ±1/2 in high field for

a~ pumping (n~+j/2)» From these measurements it can be shown that the

occupation probabilities of the remaining states are very small at high

laser intensity. Thus we conclude that the 3 s^ate approximation Is valid

for the optical pumping of Li.

B. The polarization of a Ni atomic beam.
oo

We have produced a polarized Ma atomic beam both by optical pumping

with a multlmode dye laser and with a single frequency dye laser followed

by a double passed AOM. We first discuss the optical pumping of a Na beam

with a multlmode dye laser. A beam of Na atoms, produced by effusion

through a stainless-steel capillary bundle from a stainless-steel oven

heated to 650° K, passes through cooled collimator apertures. The atomic

Na beam has a flux of 10 atoms/sec sr. The angular divergence of the

resulting atom beam is 1.5 x 10 rad. The Na beam is optically pumped by

a multimode dye laser in a magnetic field of lmT. The optical pumping

region is 25 cm from the oven. Our Spectra Physics raultimode dye laser,

using R6G dye, has measured bandwidth of 1.5-2.0x10 Hz and a measured

power of 1.1 W at the Na beam when pumped with 5 W of light from a Spectra

Physics Ar laser operating on all lines. The dye laser beam is

circularly polarized and has a diameter of 0.3 cm. The light beam

intersects the atomic beam axis at normal incidence and is reflected so

that It makes three passes through the atom beam. After optical pumping

the atomic beam passes through two polarization measureraent regions. The

first polarization measurement is made by use of the method of

laser-induced fluorescence (LIF) in an intermediate field as described by
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electromagnet. The frequency of the probe laser is scanned across the

D^(3 Sj/2 •*" 3 Pi/J absorption line of the atomic beam. The nuclear spin

of Na is I =• 3/2 so that there are eight Zeeman hyperfine states in the

3 Si in level. They are labeled by i * 1-8 coresponding to the low-field

quantum numbers F » 1, Mp=-1; 1,0; 1,1; 2-2; 2-1; 2,0; 2,1; and 2,2

respectively. The eight Zeeman hyperfine sta.tjes in the 3 P^/2 level are

similarly labeled by j =» 1-8. Atoms in state i are excited by the weak

intensity probe laser to an excited state j according to the A M = 0

transition rule. An analysis of the fluorescence signal Ŝ * accompanying

spontaneous decay of state j yields a value of n^, the occupation

probability of state i. In the second polarization measurement the Na bean

passes through a 6-pole magnet and the Na beam flux is measured with use

of a tungsten hot wire detector. The 6-pole magnet has a length of 11.8

era and a field strength of 450 mT at the pole tip radius of 0.15 cm.

Atoms with Mj =» 1/2 at high values of magnetic field have a larger

transmission probability through the 6-pole than atoms with Mj = -1/2.

The relative transmission solid angles of the 6-pole magnet for the eight

ground Zeeman hyperfine states of Na have been measured by the use of LIF.

This was done in a separate experiment in which the positions of the

6-pole and LIF rgion were interchanged. The results of trajectory

calculations calculations for the transmission solid angles of the eight

Ma ground hyperfine states agree well with the measured values obtained by

use of LIF. The atomic beam flux is measured following the 6-pole magnet

for a and a" optical pumping and without optical pumping. Values for the

state occupation' probabilities n^ and the electron-spin polarization P

are calculated with use of the three flux measurements along with the

measured ratios of the transmission solid angles. The calculation assumes

all atoms are in one of the three states 3, 7, and 8 for <y optical

pumping and in states 1, 2, and 4 for d~ optical pumping. The analysis is

similar to that use for Li in Section IA of this paper and described in

Refs. 3 and 1 except that the measured transmission solid angles are used.

Table 2 ahows the results using our multimode laser for optical

puraplng on either the D^ or Dj (3 S\ji •*• 3 P3/2) absorption lines when the

laser makes three passes through the atom beam. Figure 2(a) shows the LIP
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Table 2. Occupation probabilities n. and electron-spin polariza-
tion P as determined by use of Lit or the 6-pole magnet. The LIF
value of P includes measured values of n. for atoms in states
1,2,4,5,6 Iven though these are not shown in the table. The 6-pole
values assume n. - 0 for states other than 3,7,8 as described in Ref.
1. LIF values are not available in parts (3) and (4) due to lack of a
second single-frequency dye laser.

" J " 7 " I

0.75
0.77
0.71
0.68

iping
0.69
0.58

0.75
0.78
0.74
0.72

0.70
0.56

(1) Multipole laser No. 1
(a) Dj, 3-Pass LIF 0.08 0.10

Z>,, 3-pass LIF 0.10 0.13
(b) £>,, 3-pass LIF 0.06 0.14

D\% 3-pass 6-pole 0.12 0.20

(2) Effects of angle on D2, 1-pass pumping
(a) Normal incidence LIF 0.06 0.12
(b) 0 - 6 . O x l O _ 2 rad LIF 0.15 0.13

(3) Multimode laser No. 2
(a) Z>2. 2-pass 6-pole 0.04 0.08 0.88 0.90

(4) Single-frequency laser with double-passed AOM
(a) £>,, 1-pass 6-pole 0.08 0.10 0.82 0.83

occupation probabilities obtained by use of the 6-pole magnet are in good

agreement with those obtained by use of the more accurate LIF for cases

where the electron-spin polarization is 0.7 or greater. The results

obtained by use of the 6-pole magnet do not agree as well with those

obtained with LIF in experiments where Pe<0.7 (not shown in Table 2).

Multiple-pass optical pumping both increases the Na polarization and the

stability of the polarization. The polarization is maintained for several

hours with only minor adjustments to the multimode laser. We have also

studied single-pass optical pumping with a multimode dye laser as a

function of the angle 9 between the laser beam and the normal to the

atomic beam axis in order to estimate the divergence of an atomic beam

that can be optically pumped with a multimode dye laser. The results

shown, in Table 1 indicate that the polarization is reduced by about 20% '*

when 0 - 6x10"2 rad.
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The separation of the F - 1 and 2 ground hyperfine levels of "Na is

1.772 x 109 Hz. The 32Pjy2 level Is split into two levels with F
, - 1 and

2 separated by 1.90xl0~8 Hz. The 32P3y2 level is split into four

hyperfine levels with F' • 3, 2, 1, and 0 separated, respectively, by

5.6OxlO7, 3.73xlO7, and 1.86xlO7 Hz. Thus for both the Dĵ  and D2 lines

there are different absorption lines originating from each of the two

ground hyperfine levels. Our Spectra Physics multimode dye laser has a

longtiudinal cavity mode separation of 4.0x10 Hz. A maximum of 50 cavity

modes can oscillate within the output bandwidth of the laser* It is not

necessary that all modes oscillate simultaneously. The value of the

output frequencies can be changed by various adjustments, but the cavity

mode separation is almost unchanged by these adjustments. The output

frequencies of our laser cannot be adjusted so that the laser output

simultaneously contains frequencies that are identical to line center

absorption frequencies of any specific pair of absorption lines from the

two ground hyperfine levels. The question arises therefore as to why the

optical pumping of a Na atom beam is so successful. The photoabsorption

cross section for a given transition is a(v) • aog(v - vQ)/g(0), where <yQ

is the cross section at line center vQ, and g(v - vQ) is the normalized
Q

absorption line shape. Feld et al. have shown that the saturation

intensity with optical pumping is approximately given by Is(v)»hv/o(v)T,

where T is the atom-light interaction time. For a Lorentzian line shape

with full width at half maximum of Av,

I

°o L (Av/2)2J

so that I8(v) increases as v-vQ increases. For a Na beam,

Av = 1/2HT =• 10 Hz, where x is the 3P radiative lifetime. The saturation

intensity with optical pumping is smaller than in the absence of optical

pumping by a factor of about 2x/T . For our three pass measurements 2T/T

is -ttr. We estimate that Ig(v0), the saturation intensity with optical

pumping on the D2 line, is 0.03 mW/cm at line center compared with a

value of 9.6 mW/cm without optical pumping. If our multimode laser has

all 50 modes oscillating, a laser power at the Na atom beam of 1.1 W, and

a beam diameter of 0.3 cm, then the average intensity of each mode is 300

mW/cra2. Thus, for our intensity, and with optical pumping, saturation is
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expected to occur even far from line center. We believe this is why the

multlmode laser is effective in optically pumping the Na beam.

An improvement in the optical pumping with use of a multlmode dye

laser may be possible if the longtiudinal cavity mode separation of the

laser is reduced. This may Increase the liklihood that Na absorption

lines from both ground hyperfine levels are simultaneously saturated by a

laser operating on many frequencies. The Coherent Radiation

single-frequency dye laser used in the LIF measurement can be converted to

standing-wave operation with a resultant longitudinal cavity mode

separation of 2.0x10 Hz. The measured output bandwidth is 4.0xl010 Hz.

The measured power at the Na beam is 1.3 W in a 0.5-cm-diam. beam. The

result of o" optical puaping for both one and two passes with the use of

the Coherent multimode dye laser Is shown in Table 1. Although LIF

measurements of the occupation probabilities for the eight Zeeman

hyperfine states were not made due to the lack of a second

single-frequency dye laser, the values obtained through the 6-pole method

indicate a higher polarization than was obtained with use of the Spectra

Physics raultimode laser.

We now discuss the second method for optical pumping of a Na beam,

using a single-frequency dye laser followed by a double-passed AOM. Our

Coherent Radiation single-frequency dye laser produces 600 mW of output

power when pumped with 6 W from an Ar laser operating on all lines. The

ring laser is tuned to the D^ absoprtion line of Na and the output beam is

split into two beams which are incident in the first of two AOM's, A0M-1

(Harris Corp. H-191) driven at vt - 6.30x10
8 Hz. The two beams incident

on A0M-1 enter the crystal at angles 0 and -G from the normal to the

crystal. The output of the modulator for each incident beam is an

unshifted beam and a diffracted beam. The two diffracted beams are

shifted by Vj and -v^ from the laser output frequency vQ. The angle 0 is

adjusted for a 60% diffraction efficiency for each incident beam. The

process is repeated with the diffracted output beams from A0M-1 incident

on AOM-2 (Intra Action A0M-228X) driven at v2 * 2.52xlO
8 Hz.10 The final

output consists of two beams separated in frequency by 2(vt+v~) *

1.772x10 Hz and with 80 mW in each beam. The two beams are circularly

polarized and Intersect In the optical pumping region. As the laser ie

tuned through the D^ absorption line atoms in both ground hyperfine levels
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absorb laser radiation. Only one paes of the two light beams through the

Na atom beam is used. The Na polarization is determined by use of the

6-pole magnet since a second single-mode dye laser is not available. The

results of optical pumping with a single-frequency dye laser with the use

of a double-passed AOM are shown in Table 1. Rate equation calculations

using our value of o"+ light intensity and our interaction time of 3.0x10"""

sec predict that nearly all atoms will be pumped into the 2,2 state. This

is strongly supported by the results in Table I.

In summary, a Na beam with high polarization has been obtained by two

different methods of laser optical pumping. The use of multiple passes of

a multimode dye laser through the Na beam results in good optical pumping-

The use of a single-frequency dye laser followed by a double-passed AOM

also results In good optical puraping.

II. OPTICALLY PUMPED POLARIZED 23NA VAPOR TARGET

We are currently measuring relaxation times in an optically pumped

Na vapor target. Our research is directed toward improvements in the

optically pumped Na vapor targets used for the production of polarized H~

ions- In this paper we review the properties of the optically pumped

polarized H ion source and especially the optically pumped Na vapor

target employed in this source as well as discussing our research on

relaxation times in an optically pumped Na vapor target.

A. Introduction to optically pumped polarized H~ ion source.

In 1957 Zavoiskii suggested that polarized H* or H"" ion beams can

be produced as follows. A fast H ion beam is incident on a magnetized

ferromagnetic foil. After passing through the foil some of the H + ions

are neutralized by the pickup of a polarized electron forming fast

polarized H atoms. Because of the hyperfine interaction the fast H

atoms will have a non-zero time average nuclear polarization. The fast H

atoms are then incident on a second foil where they are partially
+ — 12

converted into either polarized H or H ions. Haeberli pointed out

that some of the problems associated with the charge-transfer production

of polarized ions would be solved if the ferromagnetic foil were replaced

by an electron spin polarized gas or vapor target such as a stored

polarized H target or an optically pumped polarized alkali target. The

use of an optically pumped polarized alkali target has been analyzed by

Anderson.13*1*
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Mori et al. * have recently constructed and tested an optically

pumped polarized H~ Ion source. This ion source has produced an H~ ion

current of 15- 35 μA with a nuclear polarization of 0.6-0.4. The nuclear

polarization was measured using the Li ( H, He) He reaction. Because of

the large H~ ion currents and high nuclear polarization obtained the

optically pumped polarized H~ ion source is promising for future use with

nuclear accelerators. Briefly the optically pumped ion source work as

follows.

A beam of H
+
 ions is extracted from an ECR ion source, which is in a

large magnetic field. The H ion beam is incident on a Na vapor target

with an energy of 5 keV. This target, which is in the same large magnetic

field as the ECR ion source and which is colinear with the ion beam axis,

is electron spin polarized by optical pumping with a dye laser beam. In

this target some of the H ions are neutralized by the reaction

H + fia. •*• 3 + Na where the arrow indicates that the polarized electron

of the Na target is transferred to the H atom that is produced in the

reaction. The fast H atom emerges from the first target and enters a

second Na vapor target. The magnetic field at the second target is

directed oppositely from the field in the first target. The fast electron

spin polarized H atoms pass suddenly through a region of near zero field

between the two targets. This sudden passage through zero field transfers

the electron spin polarization to the nuclear spin. Some of the fast

nuclear spin polarized H atoms are converted to polarized H~ ions in the

second target.

The reason an optically pumped H~ ion source produces large polarized

ion currents can be understood from the following crude estimate of the

potential H*" ion current. * A 1W dye laser operating at a wavelength

of 589.6 nm produces 3 x 1 0
1 0
 photons/sec In a high magnetic field (I

decoupled from S in the 3s level) 1.5 photons are required on the average
1 ft

to polarize a Na atom. Thus 2 x 10 Na atoms can be polarized per sec.

At a target temperature of 600°K the average time between wall collisions

is about 10 sec assuming the target is a long tube about 1 cm in

diameter. Thus even if the Na atoms are completely depolarized at each
13 2

wall collision a target with re - 2 x 10 atoms/cm is possible. The long

target assures that little polarization is lost by effusion out the ends

of the tube. The charge transfer cross section for the reaction
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H+ + Na° + H° + Na+ is 6 x 10"15 cm2 at 5 keV17"19 so that about 12% of

the Incident H+ ion beam picks up a polarized electron. Since the

equilibrium fraction of H"~ ions emerging from the second Na target is 7.3%

at 5 keV ~2^ about 8 x 10 of the incident H + beam emerges from the

second target as polarized H~ ions. Thus a current of about 8 |jA of

polarized H~ ions per mA of incident H ions is expected. Both the

technical problems involved in producing polarized H~ ions by charge

transfer in an optically pumped target and possible improvements in the

optically pumped polarized H~ ion source are discussed in this paper.

B. The H~ Ion Polarization

The reaction H + Na -> H + Na is nearly resonant to the n =* 2

level. Calculations indicate that more than 99% of the fast H atoms are
21formed in the n = 2 level. Both experiment and theory indicate that.for

5 keV incident energy about 80% of the H atoms are formed in the 2p level
in 11

and about 20% are formed in the 2s level. » The electron capture

leading to the formation of fast H atoms in the n = 2 level has serious

implications for the nuclear polarization of H~ ions produced by this type

of ion source because in a low magnetic field the electron spin

polarization of the H atom is partially lost in the radiative decay that

leads to the ground level. This loss of polarization would not be present

if the H atoms were formed in the ground level rather than in the n = 2

level. We call the electron spin polarization of the optically pumped Na

vapor target Pg. If the H° atom is formed in the 2p level then the

electron spin polarization, P, of the ground level H atom following the

2p •»• Is transition is P = 0.41 Pe. Electron capture into the 2s level

leads to a similar polarization loss since the 2s level decays primarily

by electric field mixing with the 2p level. The loss of polarization can

be avoided by the use of a magnetic field at the first target strong

enough to decouple L and S in the n = 2 level of the H atom. Fig. 3

shows as a function of the magnetic field, H, the electron spin

polarization of the ground level H atom formed if an electron of

polarization Pe Is captured forming a H° atom in the 2p level followed by

radiative decay to the ground level.22*23>2* A field of 10 kG or more is

needed to prevent the loss of a substantial fraction of the electron spin

polarization in the radiative decay. As discussed later in this paper a

L
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field as large as 10 kG causes severe problems In the Ion optics of the

neutralization process*

In the calculation of P/Pe as a function of H (as shown In Plg.l) It

was assumed that the collision producing the H atom In the 2p level

results In equal populations of the nw " 1 and 0 sublevels. Hinds et

al. have calculated P/P_ as a function of H Including the possibility

that the collisions producing the H atom In the 2p level may produce $.

population of the IUT ™ 0 sublevel different than the populations of the

m^ * ±1 sublevels. Their paper also shows how to treat the depolarization

that results when the H atoms are formed in the 2s level which decays by

mixing with the 2p level due to the motional electric field seen by the H^

atom as it moves through the fringing magnetic field at the first Na

target.

Mori et al. have used a magnetic field of about 9 x 10J Gauss at

the optically pumped target. One would expect from Fig. 1 that increasing

the magnetic field to about 2 x 10 Gauss would increase the ion beam

polarization by about 20Z.

C. The Magnetic Field Problem

If a parallel beam of H ions enters the Na target and neutralizes at

the center then a particle in the neutral beam acquires a tangential

velocity, vt, given by

vt m eHr
vz " 2 m v z

where r is the radius of the particle, H is the magnetic field, m is the

mass of the proton and vz is the incident velocity. For H =« 10 gauss

and r=, 0.5 cm we calculate vt/v = 0.25 at 5 keV incident energy.

Clearly vt/vz =» 0.25 is unacceptable since most of the beam after

neutralization will strike the Na target tube. Thus one must operate the

ion source and Na target in a colinear geometry and in the same large

magnetic field. An electron cyclotron resonance (ECR) ion source can be

operated in a high magnetic field. Mori et al. have successfully used a

16.5 GHz ECR ion source operated colinear with and in the same magnetic

field as a Na target to eliminate the blow up of the H~ ion beam produced.

D. The Optical Pumping of a Na Target
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A Na vapor target can be polarized by the absorption of circularly

polarized D^ radiation (the 32S1^2
 + 32pl/2 transition). In high field

the Na vapor can be polarized by the absorption of light by the n»g =• - 1/2

levels but not the nig =» 1/2 levels even If the light is not circularly

polarized*

The hyperfine-Zeeman energy levels of Na are shown in Fig. 4. For

"Na the nuclear spin is I =» 3/2. In a large magnetic field the ground

level of Na has 8 sublevels corresponding to the various values of mg and .
Q

oj. The zero field hyperfine separation in Na is AvHFS = 1.77 x 10 Hz.
2 2

The Doppler width for the 3 Sjy2 "*" 3
 pi/2 absorption in Na is Avg = 1.7 x

109 Hz at 600° K. Each of the 4 sublevels with mg = -1/2, and mj = -3/2,

-1/2, 1 /2, or 3/2 is separated from the next nearest sublevel by

Av= &Vjrpg/4 = 443 MHz. In order to optically pump Na In a high field it

Is necessary for the laser to interact with Na atoms in all 4 sublevels

with mg = -1/2, mj and with a Doppler profile for each level. Thus the

laser must interact with atoms having a distribution of absorption

frequencies with a width of about Av = (3/4) Avjjpg + AVQ = 3 X 10 Hz.

There are several possible methods of obtaining frequency coverage so that
q

all the atoms in a bandwidth of 4v 3 3 x 10 Hz are optically pumped.

E. The Use. of High Intensity Single Mode Lasers

Mori et al. have used two single frequency stabilized ring dye

lasers to optically pump the Na target. A laser burns a hole In an

inhomogeneous line. The width of the hole Is
Avhole = Avhorao ^ + I^ IS' where &\omo Is the width of the homogeneous

packet, I Is the laser Intensity, and Is is the saturation Intensity. For

Na Avhorao =* .=— =• 10' Hz where x is the radiative lifetime of the 3p

level. For an optical pumping situation Feld et al. have shown that the

saturation intensity is given by

I
S ax (2+rT)

where to Is the angular frequency of the transition, a is the optical

absorption cross section at line center for a homogeneous packet, T Is the

radiation interaction time, and r is the decay rate from the excited level

Into the non-absorbing level. For D^ pumping of Na in a large magnetic

field using circular polarized light r= 1/(3T). For D^ pumping using

circularly polarized light a * X /%• We take T as the time for a.Na atom
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to transverse a 1 cm diameter tube so that T - 10~^s. For this case

Is » 10" W/cm . If a 1W single mode laser with a beam diameter of 1 cm

is used for the optical pumping then Av^^g • 1.1 x 10' Hz. By using 3-4

ring dye lasers operating at 1W power it is possible to optically pump
Q

with good frequency coverage a region with a bandwidth of (3-4) x 10 Hz.

Imprisonment of resonance radiation can limit the target density.

Radiation trapping becomes Important for target densities high enough that

the mean free path of a photon is comparable to the radius of the target.

Imprisonment of the resonance radiation does not depolarize the Na target

if H is large enough but does result in more photons per Na atom being

required to polarize the target than are required for a less dense target

where trapping is not important. The D^ line absorption cross section at

line center for a 600°K Na vapor is d= 10~12 cm2. If the Na target has a

radius r= 0.5 cm then we estimate that imprisonment of the resonance

radiation becomes important for a Na density of (2-4) x 10 atoms/cm .

If the target is 20 cm long this corresponds to

n = (2-4) x 1013 atoms/cm2.
26

Cornelius et al. have studied the use of a single frequency dye

laser at X 3 589.6nm to optically pump a Na vapor target in a magnetic

field of 35OOG. They use the Faraday rotation of a second laser operating

at \ = 589.3nm to measure both the polarization and the target thickness

(in atoms/cm ) of their Na target. Their results are encouraging. Using

a single frequency laser with a beam diameter of 3mm and with an intensity

less than 4W/cm to pump a Na target they obtain a Pe > 0.5 for

% =* 2 x 1013 atoms/cm2 and Pe =» 0.32 for it - 6 x 10
13 atoms/cm2. They

have made calculations of Pe as a function of the laser power and the

target thickness for a magnetic field of 35006 and a laser beam diameter

of 3mm. They also calculate that using 2 dye lasers each with a power of

2.5W and a beam diameter of 3mm that a target with « « 5 x 1013 atoms/cm2
in

can be pumped so that V » 0.92. They point out that a K target

(u » 5 x 10 atom/cm ) optically pumped using a laser with \ - 769.9nm,

with 1W power, and with 3mm beam diameter will achieve Pe « 0.9. This is

possible because K has a smaller hyperfine separation and a smaller

Doppler width than 23Na.
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Mori et al. have used two single mode ring dye lasers to optically

pump their Na target* They find that they produce a larger polarization

at low target thickness than at high target thickness. It is probable

that if they use 3 or 4 lasers rather than 2 then their target

polarization will increase thereby increasing the nuclear polarization of

the negative ions.

F. Relaxation Times in an Optically Pumped Na Target.

The discussion in sections IID and H E of the optically pumped Na

vapor target assumes that the spin depolarization time of Na is equal to

the time between successive wall collisions. If tne spin depolarization

time is longer than the time between successive collisions then the

saturation Intensity is decreased so that the hole burned in the

absorption line is larger than if the depolarization time is short so that

good frequency coverage is possible using fewer or lower powdered dye

lasers. Also since the wall collisions will in general change the

velocity of the alkali atom, the atom will wander through the velocity

distribution function having at various times a velocity such that the

atom's Doppler shifted absorption frequence Is near the laser frequency

and thereby simplifying the frequency coverage problems. A wall surface

to be useful for an optically pumped ion source must not react with Na and

must have good vacuum properties at the Na target operating temperature

(200-300°C) so that the electron pick up is overwhelmingly from the

polarized Na atoms and not from background gas molecules. Also the wall

surfaces must be reproducible from day to day to be useful.

We are currently measuring the relaxation times for a Na vapor target
29with various wall surfaces. A schematic diagram of our apparatus is

shown in Fig. 5. The Na vapor target is optically pumped using a coherent

Radiation 699-21 ring dye laser that is pumped using a Spectra Physics 9tf

Ar Ion laser. The dye laser beam is set to the Na absorption frequency

using the optogalvanic effect in a Na hollow cathode discharge. The dye

laser beam Is deflected using an AOM driven by a pulsed rf amplifier. The

diffracted laser beam is passed through the Na target optically pumping

the Na vapor. When the rf to the AOM pulsed off the light beam is no

longer deflected through the Na target and the Na vapor relaxes toward

thermal equilibrium in the dark. After the Na vapor has relaxed for a

time x the rf to the AOM is pulsed on and the light beam again passes
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through the Na target. The relaxation time Is determined using the method

Introduced by Pranzen.
31

Bouchlat and Brossel have studied the relaxation of optically

pumped Rb atoms on parafIn-coated walls. Their paper shows that the

character of the optical pumping light determines the type of relaxation

observed. When circularly polarized light with equal intensity at each

hyperfine absorption and propagating parallel to the magnetic field is

used then the relaxation of <S_> is observed. When ion polarized light or

linearly polarized light propagating parallel to the magnetic field and

with unequal intensities at each hyperfine absorption is used then the

relaxation of <£•!> is observed. If the light is not one of the above

then the observed relaxation is a linear combination of the relaxation of
<S_> and <£•!>. Bouchiat and Brossel have found that there are twoz

different relaxation interaction mechanisms for Rb on parafin coated

walls. One interation is the dipole-dipole interaction between the

electron spin § of the Rb atom and the nuclear spins in the wall coating.

They found that this interaction has a correlation time of about 4x10 s.
—i")

The second interaction has a correlation time of about 10 s and they

speculate that the second interaction is a spin orbit interaction. The

low field relaxation of <SZ> is due to both interactions. Both high field

relaxation of <S_> and the low field relaxation of <£•?> at low Rb atom

density are almost entirely due to the short correlation time interaction.

The relaxation rate of <£•!> varies linearly with the Rb atom density due

to spin exchange collisions.

We have not yet carried out extensive experiments on the relaxation

of Na on wall surfaces such as those of Bouchiat and Brossel on the

relaxation of Rb on parafin surfaces. However our results show properties

similar to those of Bouchiat and Brossel. We therefore discuss our

experiments assuming that for Na there are two independent surface

relaxation mechanisms with different correlation times.

(1) Relaxation of <£»t>

We have studied the relaxation of <£«t> for Na vapor relaxing on

several wall surfaces. The observed relaxation rate T^ is given by

T^1 - T^1 + Tp1 where T^1 is the wall relaxation rate and Tp1 Is the flow

rate of Na atoms out of target tube. Using our target tube geometry we

calculated Tp to he 1.37 ms. Since our observed relaxation rates are all
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much faster than Tp we believe we are observing primarily surface

relaxation. The relaxation times for <£»t> on various surfaces are given

in Table 3.

For our target the mean flight time between wall collisions Is about

10 s. The relaxation times for all metal surfaces and for a teflon

surface were measured to be nearly 10 s. This indicates that the atoms

relax completely at each wall collision. However for polyethelene and for

the fluorcarbon rubber viton the relaxation times are observed to be

longer than 10 s. Polyethelene is not useful at the temperatures

necessary for a Na target used in the optically pumped polarized H ion

source. Viton on the other hand has excellent vacuum properties at

temperatures up to T = 300°C and is relatively inert in the presence of

Na. The relaxation time as a function of the target density is shown in

Fig.6. The Na atom density in our target is calculated from the measured

reservoir and target tmperatures. At low density the relaxation time is

Ti = 170 μs. This corresponds to approximately 20 walls collisions before

relaxation occurs. Fig.6 shows T^ as a function of the target density.

Because of the uncertainty our measurements of T^ and uncertainty in the

target atom density we can not yet accurately determine the spin exchange

cross section for Na-Na collisions from our data.

(ii) Relaxation of <S
Z
>

The relaxation of the Na vapor in a low magnetic field using

circularly polarized light has been studied. We have not achieved equal

intensities at the two hyperfine absorption lines. We observe as expected

Table 3. The Na vapor relaxation time for <£•?> in a tube with id = 1 cm
and with various wall surfaces.

Wall Material Relaxation Time

stainless steel ~>
graphite '

hydrocarbon polymer j
(acetyl-benzene) > ~

1
 ~ 10 usec

anodized aluminum ,

chrome plated copper

teflon

polyethylene (125°C 150 μsec
fluorocarbon rubber

, CF = CFCF-, 200 usec



376

two relaxation times, one corresponding to the relaxation time of <£»t>*

The other relaxation time is on the order of magnitude of 10 8. We

believe therefore that the relaxation of <S2> at low magnetic fields Is

fast corresponding to one or at most a few wall collisions. We speculate

that the fast low field relaxation of <S_> is due to a relaxation

interaction with a large correlation time.

We have not measured the relaxation of <SZ> at high magnetic fields.

We speculate that the high field relaxation is due to the relaxation

interaction with the short correlation so that for k> less than the inverse

of the fast correlation time the relaxation of <SZ> is expected to be the

same as the relaxation of <jf»t>. If this is the case then viton will be

an excellent wall surface for the optically pumped Na target used in a

polarized ion source.

In summary we believe that viton offers good promise as a wall

surface for the optically pumped polarized H~ ion source.

G. Other Methods of Optical Pumping

Anderson has analyzed other methods of optical pumping for Na

targets. These include the use of velocity changing collisions to obtain

frequency coverage, the use of mode locked lasers to obtain frequency

coverage, and the use of multimode lasers to obtain frequency coverage.

These methods all show promise especially if a surface such as with a long

spin depolaring show time is used. More research on these methods of

optical pumping is needed.
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Fig. 2. (a) LIF measurement without optical pumping:
(b) LIF measurement with o+ optical pumping
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Figure 4. Relevant energy levels of Na.
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H Ion Current from a_ Polarized Vapor Target

W. D. Cornelius

Los Alamos National Laboratory

1. ABSTRACT

A method of determining the polarization transferred to hydrogen atoms

in charge-exchange reactions is outlined. The method also provides a means

of determining target polarizations once the polarization transfer function

is known.

2. INTRODUCTION

The two most important aspects of an Optically Pumped Polarized Ion

Source (OPPIS) are the degree of atomic polarization obtainable In thick

alkali-vapor targets and the transfer of electronic polarization from the

polarized target to the fast hydrogen atoms.1 *2 The former has been the

subject of several recent papers,3 ,i+'5 while the latter has been

investigated by theoretically examining the worst-case conditions.2 In this

paper I will present a simple method of experimental determination of the

polarization transfer. Although the method is unique to hydrogen ions, it

could have very interesting and wide-ranging applications to the measurement

of target polarizations in general.

In an OPPIS, fast polarized hydrogen atoms are formed when a proton

beam captures polarized electrons in a polarized alkali-vapor target.1 In

general the degree of electronic polarization is not conserved in this

process because of spin-orbit interactions in atoms formed in excited

states.1'2 Calculations have shown this depolarization to be significant for

electron-capture in low magnetic fields.2 However those calculations assumed

•% worst-case situation of complete capture into the atomic 2P orbitals. The

experimental situation is not likely to be this simple, especially if the

charge-exchange reaction preferentially populates specific orbital

angular-momentum projections with respect to others. Indeed preliminary

experiments have indicated that the polarization transfer may be

substantially different than the worst-case calculations would imply.6
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, . 3. THEORY

A very convenient means of measuring the polarization transfer

function, T, for charge-exchange is provided by examination of the intensity

of H~ ions produced in a polarized target. Because H~ only forms with

electronic spins antiparallel, the H*~ current formed in a polarized

alkali-vapor target provides a measure of the atomic polarization of the

neutral hydrogen atoms.

If the H+, H°, and H~ beam intensities are denoted by I+, 1°, and I"

respectively, then the following equations describe the interactions of a

hydrogen beam with an unpolarized alkali-vapor target (treating double

charge-exchange as a sequential process),

dr
dz

N(z) N(z) (la)

dz
N(z) N(z) N(z)] N(z) (lb)

dz
N(z) N(z) (lc)

where a is the charge-exchange cross section for beam particles of initial

charge state 1 to final charge state f in an unpolarized alkali vapor. N(z)

is the number density of electron doners and N(z) is the number density of

electron stripping centers. Note that N(z) = N(z) as long as the number of

electrons captured from the target is a negligible portion of the total

number of electrons in the target (eg. the density of alkali ions produced

in the target is negligible compared to the total atomic density).

Equations 1 are modified somewhat in the case of a polarized target.

If P is the polarization of the alkali vapor and n is the polarization of

the atomic hydrogen beam after charge capture, then the polarization

transfer function is T - n/P» In a magnetic field of sufficient strength to

decouple nuclear and electronic spins, only two electron spin-orientations

are allowed, parallel to (aligned with) with the magnetic field vector and

antiparallel (antialigned). Hence two orthogonal processes contribute to H~
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formation. The first process utilizes aligned hydrogen atoms (formed by the

capture of aligned electrons) capturing antialigned electrons in an

incompletely polarized target (P<1). The second is from antialigned

hydrogen atoms (formed by the depolarization of aligned atoms) capturing

aligned electrons from the alkali vapor.

The density of target atoms with electronic spins parallel and

antiparallel can be written as a function of the target polarization, P,

Parallel Np = i (1+P) N(z) , (2a)

Antiparallel NA = j (1-P) N(z) . (2b)

Similarly the intensities of electronic polarization states in the hydrogen

beam can be written as a function of the hydrogen atomic polarization, n»

Parallel 1° = I (l+n) i° , (3a)

Antiparallel l£ - i (1-n) 1° • (3b)

Substituting these expressions into equation lc,

—• " a°"(pol) NA(z) 1° + cx°-(pol) Np(z) I^ - o~° N(z) I" . (4)

where a (pol) is the charge-exchange cross section for a polarized target.

In an unpolarized target, the reaction cross section is determined by

summing the specific spin-dependent cross sections over the beam (b) and

target (t) spin orientations weighted by the relative number density of

target atoms,
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o°~(unp) - Z E nt a°~(bt)
b t

- np <j°~(PP) + np a°"(PA) + nA a°"(AP) + nA a°~(AA)

where P(A) denotes the electronic spins parallel (antiparallel) to the

magnetic field and np (n^) is the relative number density of target atoms

with parallel (antiparallel) spins. Since neither o°"(PP) nor a°"(AA)

contributes to H~ formation and np = n^ = 1/2 in an unpolarized target,

a°"(unp) = A (o°"(PA) + ao~(AP)) . (5)

Note that c°~(PA) and a°~(AP) are the charge-exchange cross sections for

completely polarized beam and target atoms (o°~(pol)) and that the two terms

are orthogonal in the sense that they interact with mutually exclusive

components. Hence for a beam with only one spin component (eg. completely

polarized), only one term of equation 5 contributes, whence,

a°~(pol) = 2 o°"(unp) . (6)

Substitution of equations 2, 3, and 6 into equation 4 leads to,

°±- - 2 a0- NA<z) 1° + 2 a
o_ Np(z) 1° - a"

0 N(z) I~
dz Ar r n

- -j [(l+n)(l-P) + (l-n)(l+P)l o°" N(z) 1° - <T° N(z) I"

» (1 - nP) o°" N(z) 1° - o~° N(z) I" . (7)

Note that equation 7 reduces to equation lc in the limit of ar ^polarized

target (P-0).
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To maintain unitarity, the system of equations (la, lb, and 7) should

satisfy,

dz dz dz

However equation 8 is not strictly correct. Collisions in the target reduce

the beam intensities by scattering beam particles out of the acceptance

solid angle of the apparatus. But the scattering kinematics are identical

for all three beam components and it is reasonable to assume that the

reduction in the beam intensity is uniformly distributed between all three

components.8 Therefore unitarity can be assumed with the modification of an

overall normalization factor due to beam scattering in the target (this

normalization factor will be neglected in what follows since only the

intensity ratios are considered). Maintaining this quasi-unitarity requires

the addition of a term in equation lb which cancels the additional term in

equation 7. Hence for a polarized target,

*L_ = V 0 N(z) I+ + a0+ N(z) 1° , (9a)
dz

N(z) I+ - (1 - nP) a°~ N(z) 1° + a"° N(z) I" , (9b)
dz

*L- = (1 - nP) a°~ N(z) 1° - a~° N(z) I" . (9c)
dz

4. EXPERIMENTAL METHOD

By examination of equation (9c), a completely polarized target (P-l)

with complete polarization transfer (n>1) produces no H~ ions. For less

than complete target polarization (P<1) and polarization transfer (n<1), the

polarization transfer can be determined experimentally by measuring an
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I"(unpol)

A quantitative idea of the meaning of this asymmetry can be obtained by

integration of equation 9c neglecting the stripping term. Within this

simplifying assumption the negative ion intensity for target thickness NL

is,

Substitution of this Into equation 10 for thin targets (aNL«l) leads to,

I°aNL-I°qNL(l-nP)

1° oNL

(12)

The asymmetry is the product of the target polarization and the atomic

polarization of the hydrogen atoms. As a direct result of equation 12, the

polarization transfer function is,

where the target polarization is easily obtained from optical rotation

measurements. *+

In practice the asymmetry (equation 10) is modified somewhat by atoms

cycling between the various charge states through multiple stripping and

charge capture. These effects have been examined by numerically integrating

equations (9) using the charge-exchange cross sections of Anderson et al.'

Where specific cross sections were not reported (eg. o~°) the values used

were those which reproduced the reported equilibrium fractions when
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integrated through very thick targets. The exact values of these cross

sections Influence only the magnitude if the H~ current and not the

asymmetry which is obtained from the polarized to unpolarized ratio. Figure

1 shows the effect of Increasing target thickness for 8 keV protons incident

on a target with polarization and polarization transfer equal to 0.8. Table

I shows the results obtained using the 8 keV cross sections with various

values of P and r\. The largest deviations from e « nP occur for the highest

target densities and for the lowest values of P and are at most only a few

percent.

Preliminary measurements of this type have been performed by Mori6 at

the Japanese National Laboratory for High Energy Physics (KEK). Charge

exchange occured in a 4.2 kGauss magnetic field where the worst-case

calculations predict a polarization transfer of only 0.45.2 The measured

asymmetry in the H~ ion currant yielded T = 0.58±0.10. The large

uncertainty was due primarily to fluctuations in the beam current and target

polarization.

5. CONCLUSION

This technique of determining the polarization of the H° atoms is

relatively clean and the polarization transfer is easily determined.

Alternatively once the polarization transfer function is known, this

technique can be used to determine the polarization in an on-line OPPIS

without disturbing the accelerator beam. The technique is also applicable

to the determination of target polarizations and does not appreciably

disturb the target.
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TABLE I:Theoretical results for 8 keV protons Incident on a polarized
sodium vapor target (NL = 10*** cm"2). The atomic polarization of the
hydrogen beam, n> Is determined by hypothetical target polarization, P,
and polarization transfer, T, parameters. The asymmetry, c, is
determined from equation 11 by numerical integration of the cross
sections of reference 7 for polarized and unpolarized targets. The last
column is a comparison of the exact asymmetry with the approximation

P T n e e/nP

1.00

0.80

0.50

1.00
0.80
0.60
0.40
0.20

1.00
0.80
0.60
0.40
0.20

1.00
0.80
0.60
0.40
0.20

1.00
0.80
0.60
0.40
0.20

0.80
0.64
0.48
0.32
0.16

0.50
0.40
0.30
0.20
0.10

1.0000
0.7973
0.5959
0.3959
0.1973

0.6361
0.5077
0.3800
0.2528
0.1261

0.2468
0.1973
0.1478
0.0985
0.0492

1.0000
0.9966
0.9932
0.9898
0.9864

0.9939
0.9917
0.9895
0.9874
0.9852

0.9873
0.9864
0.9856
0.9848
0.9839
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Figure 1. Comparison of the theoretical asymmetry for 8 keV protons
(obtained by numerical integration of equations 9) with the simple
approximation e = r\? (equation 12). Note the extreme expansion of the
vertical axis. Equation 12 is accurate to within two percent over the
entire target thickness range illustrated.
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WORKSHOP SUMMARY

W. TURCHINETZ
MIT BATES LINEAR ACCELERATOR CENTER

First, a few personal remarks. As I wondered why I had found this to be such

a stimulating meeting, at least a few reasons were evident. Along with others

I came here not as an expert but as a hopeful potential user of a promising

technology, and found an emeiiing industry. Speaking as a nuclear physicist,

this development snuck up on us while we weren't looking and provides another

reason for reading Physics Review A. Each talk had something new to tell us;

and, overall, I have the impression that not only are these techniques and

devices a marvelous playground for experimental physics, but are on the verge

of becoming useful targets for nuclear physics.

To help organize this summary, it is useful to consider the luminosity, L,

used in a typical, high resolution, electron scattering experiment. I chose

this example primarily because it is the most demanding, owing to the small-

ness of electro-nuclear cross sections.

A second reason for using the needs of electron scattering as a benchmark is

that until such targets are developed there will be very slow progress on a

number of very basic problems in nuclear physics - for example, the neutron

charge form factor and the separation of the charge monopole and quadrupole

form factors of the deuteron, as discussed by Jackson and Holt. For these

special cases, one can imagine measuring the polarization of the recoil, as

was done recently at Bates for the deuteron t20, but efficiencies are low

when you can find a suitable analyzer. More generally, Donnelly reminded us

that polarized electrons without polarized targets are of no use, except for

studies of parity violation, and showed how with polarized targets, even

without polarized electrons, one can over-determine the separate multipoles

in an electron scattering form factor. This is to be contrasted with proton

scattering where already the analyzing power yields nuclear structure infor-

mation. If one wants resolution of about 20 KeV, straggling requires targets

of about 50 mg-cm 2. Average currents of 50 yA are available and in routine

use at a number of laboratories, which implies L=2500 yA-mg-cm-2. As pointed

out by Kowalski and Jackson in their talks, in a ring circulating currents of

50 mA or more may be expected, hence the same L is available with targets of
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50 yg-cm"2. Translated into number density, this is about 3 x 10i9cm~2 A-1,

or in 1 cc about 1 Atmosphere divided by A. From Happer, we heard that for

the case of Xe, by optical pumping cf Rb and spin exchange, densities of

10 cm" with high polarization have already been achieved. This is about a

factor of 30 higher than required for internal targets, and only a factor of

3C lower then the 50 mg-cnT2 used in external beams. Evidently, in certain

cases, the technology would appear to be not a future prospect, but an his-

toric fact. At least the scientific basis has been demonstrated, and one has

a rough idea of the nature of the engineering problems and possible solutions.

Encouraged by this, I have prepared a schematic specification, shown in the

Figure, for the ideal target. It is a four-knob device: 1) Z, 2) A,

3) Target Density, and 4) a'Fano Tensometer, so that you can dial accurately

the polarization state and direction. In the Table, I have a rough summary

of what was reported at this meeting concerning experimental work on various

real target possibilities which can be compared with the specification.

Atoms cm-

POLARIZED TARGET USERS SPECIFICATIONS
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First, it is clear that such a black box with four knobs is a very distant

dream, and that each one of these things is going to be a real adventure. The

number of species, A and Z, although small, already includes some interesting

cases; and for the particularly important cases of hydrogen and helium, a

number of different techniques are being tried. Target densities in the re-

quired range seem to be within reach. They have certainly been achieved on

the bench in some labs; engineering efforts trying to achieve windowless

targets for storage rings are in their early stages.

We heard no systematic discussion, that I was able to understand, of the Fano

Tensometer. How does one know how much polarization he has, how pure is the

moment, what direction is it pointing in? Perhaps at a successor to this

workshop, we might address these questions since for much of the physics the

precision of the result will depend critically on the properties of the

Tensometer. Another topic which was not addressed in any of the presenta-

tions, but which has been a lively subject of discussion, is the question of

target depolarization by beam ionization: radiation damage. Back-of-the-

envelope estimates based on the premise that every ionization event destroys

the polarization and that the polarization may be replenished at the rate of

10 1 7 atoms per second suggest that luminosities of the order of IO31* cm-2

sec-1 are tolerable. The assumption that every ionization event is fatal

may be pessimistic; replenishment rates of 10 1 B per second or higher are pro-

bably achievable by optical pumping for some species. Further study in this

area is required. At Bates we can supply peak currents up to 40 mA and

would be delighted to test your target for this or other phenomena.

Finally, I would like to thank the organizers of this Workshop for providing

this opportunity to meet across disciplinary lines. I have found it to be a

very rewarding experience, and look forward to its successors.

)
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SOME POLARIZED INTERNAL TARGETS IN DEVELOPMENT OR OPERATION

Type of Target

Conventional atomic beam
(cryogenically cooled)

Storage Cells

Low temperature high
field storage cell

Spin-exchange scattering
from polarized alkali atoms

Spin-exchange scattering

Optical pumping of alkali
vapors

Optical pumping of alkali

vapors

Nuclei

H,D

H,D

H,D

H,D,...etc.
(Nuclei with
unpaired e")

Noble Gases

Li

Cs

Facility

CERN
(SPS)

Wisconsin

BNL-MIT
(AGS)

ANL
(Aladdin)

Princeton

Bell/MIT
Rutgers

Princeton

Target Thickness
Expected

5X1012-5xl013atom/cm2

(Objective)

10xu-1015atom/cm2

(Objective)

>10llf atom/cm2

(Objective)(Pulsed)

101 **-1015 atom/cm2

(Objective)

1019atom/cm2

(Lab Demonstration)
for Xe

1015atom/cm2

(Operational)

1016atom/cm3

(Lab Demonstration)

Optical pumping of rare
earth jets

Eu ORNL 1 0 1 5 a t o m / c m 2

(Objective)

Optical pumping 'He Paris 1018atom/cm3

(Lab Demonstration)



399

LIST OF PARTICIPANTS



400

I. Abel la
Physics Department
The University of Chicago
Ryerson Physical Laboratory.
1100-14 East 58th Street
Chicago, IL 60637

Peter Roy Cameron
Pnysics Department
The University of Michigan
Post Office Box 404
Upton, Long Island, NY 11973

Louis Wilmer Anderson
Professor of Physics
Department of Physics
The University of Wisconsin
Madison, WI 53706

Chia-Cheh Chang
Physics & Astronomy Department
The University of Maryland
College Park, MD 20742

Curtis E. Bemis, Jr.
Physics Division
Oak Ridge National Laboratory
Post Office Box X
Oak Ridge, TN 37831

Timothy E. Chupp
Physics Department
Princeton University
Jadwin Hall
Princeton, NJ 08544

Aron M. Bernstein
Physics Department
Room 26-433
Massachusetts Institute of

Technology
77 Massachusetts Avenue
Cambridge, MA 02139

Weyne D. Cornelius
Department AT-4
Los Alamos National Laboratory
Mail Stop H821
Los Alamos, NM 87545

Gordon Berry
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL bO439

Donald G. Crabb
Physics Department
The University of Michigan
Building 91IB
Brookhaven National Laboratory
Upton, NY 11973



401

Hal I Crannell
Physics Department
National Science Foundation
1800 G Street, NW
Washington, DC 20550

T. William Donnelly
Physics Department
Massachusetts Institute of

Technology
Center for Theoretical Physics, 6-301
Cambridge, MA 02139

Cary N. Davids
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Donald F. Geesaman
Phvsics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL t>0439

C. W. deJager
NIKHEF-K
Post Office Box 4395, 1009 AJ
Amsterdam, The Netherlands

Donald S. Gemmell
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL rJl39

Louis Dick
CERN
CH-1211
Geneve, Switzerland

Michael C. Green
Physics Division
Argonne National Laboratory
97U0 South Cass Avenue
Argonne, IL 60439

William R. Dodge
National Bureau of Standards
Center fo*, Radiation Research
Building 245, Room B109
Washington, DC 20234

Willi Gruebler
Inst. f. Mittelenergiephysik
Eldg. Teclm. Hochschule
ETH-Honggerberg, 8093 Zurich
Switzerland



402

Richard F. Haglund, Jr.
Physics Division
Los Alamos National Laboratory
P-16, MS-E543, Post Office Box 1663
Los Alamos, NM 8754b

Kevin M. Jones
Physics Department
Williams College
Thompson Physical Laboratory
Wiiliamstown, MA 01267

William Happer
Physics Department
Princeton University
Princeton, NJ 08540

Randal I J. Knize
Physics Department
Princeton University
Post Office box 451
Princeton, NJ 08544

Walter F. Henning
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Robert b. Kowalczyk
Physics Division
Argonne National Laboratory
970U South Cass Avenue
Argonne, IL 6043y

Roy J. Holt
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Stanley Kowalski
Physics Department
Massachusetts Institute of

Technology
77 Massachusetts Avenue
Building 26-427
Cambridge, MA 02139

Harold E. Jackson
Physics Division
Argonne National Laboratory
9/00 bouth Cass Avenue
Argonne, IL 60439

Dieter Kramer
Kernphysic Department
Max Planck Institut
Sauptercheckweg Heidelberg
D-6900 FRG



403

erner Kubischta
:RN

aneve, Switzerland

Her Kutschera
iysics Division
gonns National Laboratory
'00 South Cass Avenue
gonne, IL 60439

bert D. McKeown
ysics Department
l i fornia Institute of
Technology
6-38th Street
sadena, CA 91125

Hans-Otto Meyer
Physics Department
Indiana University
Bloomington, IN 474U1

Rory Allen Miskimer
Physics Department
University of Illinois
23 Stadium Drive
Champaign, IL 61820

Daniel L. Murnick
Physics Department
AT5T dell Labs.
600 Mountain Avenue
Murray Hill, NJ 07974

mt S. Masson
:lear Physics Department
2 University of Wisconsin
50 University Avenue
lison, WI 53706

James J. Napolitano
Physics Division
Argonne National Laboratory
9/00 South Cass Avenue
Argonne, IL 60439

/id G. Mavis
4 Associates
50 Lakeview Way
Jwood City, CA 94062

Blaine E. Norum
Physics Department
The University of Virginia
McCormick Road
Charlottsville, VA 22901



Costas N. Papanicolas
Department of Physics
University of Illinois
1110 W. Green Street
Urbana, II 61801

404

Peter Schwandt
Physics Department
Indiana University
Bloomington, IN 47401

Robert E. Pollock
Physics Department
Indiana University
Swain Hall West
Bloomington, IN 47405

B. Shivakumar
Oak Ridge National Laboratory
Post Office Box X
Oak Ridge, TN 37830

Ricnard S. Raymond
Physics Department
The University of Michigan
Building 911b
University of Michigan Group
Brookhaven National Laboratory
Upton, NY 11973

Paul A. Souder
Physics Department
Syracuse University
Syracuse, NY 13210

Hugh G. Robinson
Physics Department
Duke University
Durham, NC 27706

David R. Swenson
Physics Department
The University of Wisconsin
1150 University Avenue
Madison, WI 53706

Mark B. Schneider
Physics Department
Princeton University
Princeton, NJ 08544

Dale J. Tupa
Physics Department
The University of Wisconsin
1150 University Avenue
Madison, WI 53706



William Turchinetz
Physics Department
Massachusetts Institute of

Technology
Cambridge, MA l>2139

405

Zhen wu
Pnysics Department
Princeton University
Princeton, NJ 08544

Ernst Ungricht
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Jan L. Yntema
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Joehen Wambach
Physics Department
University of Illinois
Urbana, IL 61801

Ben Zeidman
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Lester C. Welch
Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Thomas wise
_ Physics Department

The University of Wisconsin
Madison, WI 537U6



406

Distribution for ANL-84-50

Internal:

Participants (15)
R. J. Holt (85)
K. Thayer (2)
ANL Libraries (2)
TIS Files (3)
ANL Patent Dept.
L. Bo1linger
E. Crosbie
M. Derrick
T. Fields
S. Freedman
G. Garvey
L. Goodman
E. Kanter
T. K. Khoe
T.-L. Khoo
K. Kliewer

W. Koenig
D. Kovar
R. Kustom
D. Lewis
R. Pardo
G. Perlow
M. Peshkin
K.-E. Rehm
J. Schiffer
A. Schriesheim
R. Segel
K. Shepard
P. Sommerville
H. Spinka
R. Springer
A. Yokosawa
L. Young

External:

Participants (43)
DOE-TIC (27)
Manager, Chicago Operations Office, DOE
Chief, Office of Patent Counsel, DOE-CH
Physics Division Review Committee:

E. Adelberger, University of Washington, Seattle, WA
U. Fano, The University of Chicago, Chicago, IL
L. C. Feldman, Bell Laboratory, Hurray Hill, NJ
J. D. Fox, Florida State University, Tallahassee, FL
W. Happer, Jr., Princeton University, Princeton, NJ
P. Kienle, GSI, Darmstadt, Germany
S. E. Koonin, California Institute of Technology, Pasadena, CA
D. F. Measday, University of British Columbia, Vancouver, B.C., Canada
S. A. Rice, The University of Chicago, Chicago, IL

H. Baer, LAKPF, Los Alamos, NM
C. A« Barnes, California Institute of Technology, Pasadena, CA
P. Barnes, Carnegie-Mellon University, Pittsburgh, PA
L. S. Cardman, University of Illinois at Urbana-Champaign, Urbana, IL
T. B. Clegg, The University of North Carolina at Chapel Hill, NC
R. A. Eisenstein, Carnegie-Mellon University, Pittsburgh, PA
Fachinformationszentrum Energie Physik Mathematlk GMBH, Federal Republic

of Germany
D. Fick, Philippe University, Marburg, W. Germany
B. Fllippone, California Institute of Technology, Pasadena, CA
F. W. K. Firk, Yale University, New Haven, CT
C. Glashausser, Rutgers University, New Brunswick, NJ
C. Gouaraldo, I.N.F.N., Italy
V. Haeberli, University of Wisconsin-Madison, Madison, WI



407

S. S. Hanna, Stanford University, Stanford, CA
M. Harvey, Old Dominion University, Norfolk, VA
R. S. Hicks, University of Massachusetts, Amherst, MA
G. Igo, University of California, Los Angeles, CA
K. W. Kemper, Florida State University, Tallahassee, FL
A. Krisch, University of Michigan, Ann Arbor, MI
J. McCarthy, University of Virginia, Charlottesville, VA
J. Miller, Boston University, Boston, MA
R. Milner, California Institute of Technology, Pasadena, CA
E. Moniz, Massachusetts Institute of Technology, Cambridge, MA
J. M. Moss, Los Alamos National Laboratory, Los Alamos, NM
J. Reidy, University of Mississippi, University, MI
L. Rosen, Los Alamos National Laboratory, Los Alamos, NM
J. B. Shafer, University of Massachusetts, Amherst, MA
P. Singh, Indiana University, Bloomington, IN
E. Stephenson, Indiana University Cyclotron Facility, Bloomington, IN
H. A. Thiessen, LAMPF, Los Alamos, NM
E. Vogt, TRIUMF, University of British Columbia, Vancouver, Canada
R. R. Whitney, University of Virginia, Charlottesville, VA
K. Yagi, Research Center for Nuclear Physics, Osaka University, Mihogaoka,

Ibaraki, Osaka, Japan


