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A polarized electron source based upon photoionization of a state-selected 8Li atomic beam has been developed as an injection
gun for the Stanford two-mile electron linear accelerator. The source (PEGGY) produces a pulsed beam of electrons with a
maximum intensity of 2.6 x 107 electrons per pulse, a polarization of 0.85, a pulse length of 1.6 us, and a repetiticn rate of 180
pulses/s. Since its installation at SLAC in July 1974, PEGGY has been used in several high energy electron-nucleon scattering

experiments.

1. Introduction

High energy polarized electron beams have been
used in a number of experiments in the last five
years. Together with polarized nucleon targets,
experiments with polarized electron beams'-®) pro-
vide a means for examining models of the spin
structure of nucleons*') and for testing sum
rules'?) and scaling principles'3'4), as well as for
investigating the spin dependence of specific elec-
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troproduction channels'®!¢). Furthermore, high en-
ergy polarized electron scattering experiments with
unpolarized nucleon targets>'-°) provide a means
for studying parity nonconserving (PNC) effects of
the neutral weak current. (See for example
refs. 20-22.)

With the study of the spin structure of the
proton as its primary goal, the development of the
first source of polarized electrons used in a high
energy physics experiment was begun in 1971. This
source, PEGGY, which is based on the photoioniza-
tion of polarized lithium atoms, was developed at
Yale University during the period 1971-1974 for
use at the Stanford Linear Accelerator Center
(SLAC). PEGGY was moved to SLAC early in 1974
and the polarized beam was first injected into the
linac during the summer. In November 1974,
Moller scattering studies at GeV energies were per-
formed to measure the polarization after accelera-
tion?). High energy scattering experiments with a
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polarized-proton target were begun several months
later. Data on elastic'), deep inelastic®?), and reson-
ance region?) scattering of longitudinally polarized
protons have by now been obtained. A search was
also made with PEGGY for PNC effects in the
scattering of longitudinally polarized electrons by
unpolarized nuclei®).

In this paper we report on the physical and tech-
nological details of PEGGY. In the remaining parts
of section 1 we will review the requirements
imposed on a polarized electron source by the
SLAC accelerator and by the high energy experi-
ments. We will also provide a brief survey of devel-
oped methods for producing polarized electrons. In
section 2 we will describe the method employed in
producing and in measuring the electron polariza-
tion of the PEGGY beam. In section 3 we will
describe in some detail the PEGGY apparatus, and
we will conclude in section 4 with a discussion of
the performance of the source and some observa-
tions about future developments.

1.1. REQUIREMENTS OF SOURCES

The performance characteristics which can be
used to classify polarized electron sources have
been discussed by a number of authors®-*). The
electron polarization, P., is defined as the ensemble
average of the expectation value of the Pauli spin
operator in the rest frame of the electron. For a
longitudinally polarized electron beam the magni-
tude of the polarization, P,, is given by
P.=(n*—n-)/(n*+n-) in which n*(n-) is the
number of electrons in the beam with spin parallel
(antiparallel) to the beam direction. Scattering ex-
periments with polarized electron beams generally
involve the measurement of cross sections or
counting rate asymmetries for opposite orientations
of P,. The measured asymmetry, 4, defined by

Ad=(N,—N_)N,+N_) (D

for counting rates N, and N _, corresponding to the
two orientations of P,, is related to the asymmetry
for a fully polarized beam, 4, by

A = AJP,. (2

For a polarized electron beam of intensity [ the
statistical error, 84, in a measurement of A4 is

8A oc 1/¢, 3
where { is a figure of merit given by
{=PJI">. 4

Another important characteristic is the emittance
of the electron beam. If a magnetic field, H, is
present in an electron source, but absent elsewhere,
the emittance must account for the influence of the
magnetic vector potential on the canonical angular
momentum?). The result is the generalized emit-
tance, ¢*, given by

e~ p(/v')[1 + 4(e/m)pH/v] (MKSA units)  (5)

where v is the average initial electron velocity of
the photoelectrons in the source volume, p is the
radius of the source volume. v’ is the average
velocity of the beam after extraction, and ¢ and m
are the charge and mass of the electron. Additional
performance characteristics generally considered in-
clude energy spread, AE, stability and reliability,
and, for a pulsed source, the pulse length and repe-
tition rate. Furthermore, the performance of a
polarized electron source must be judged by the
ease and speed of beam polarization reversal and by
the variation of beam intensity and polarization
associated with such reversals.

For high energy polarized electron experiments,
the characteristics required of a polarized electron
source are determined by the experiment itself and
by the accelerator into which the polarized beam is
injected. The Stanford two-mile linear accelerator?)
is a pulsed rf electron accelerator capable of achiev-
ing peak beam currents of 60 mA in a 1.6 us pulse
at a repetition rate of <360 pps for beam energies
up to =22 GeV. During recent years, however, the
accelerator usually has been operated at a repetition
rate of 180 pps with beam sharing on a pulse to
pulse basis generally limiting a single experiment to
<120 pps. The injector of the accelerator is de-
signed to accept ~70keV electrons with a fwhm
energy spread of <1.5keV and an emittance of
~7 mrad cm *). Efficient beam transport through
the accelerator requires an intensity of at least
~3 x 108 electrons/pulse because of the limited
sensitivity of the linac beam monitors. Finally, the
source must be designed to meet the vacuum requi-
rements of the accelerator: freedom from hydro-
carbon contamination and use of bakeable ultra-
high vacuum materials.

While many experiments can utilize high beam
intensities, experiments with polarized nucleon tar-
gets are restricted to relatively low average intensi-
ties because of the radiation damage to the target
by the incident electron beam. For such experi-
ments an electron beam polarization close to unity
is very important in order to achieve a high figure
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of merit. (For the experiments at SLAC with the
Yale/SLAC butanol polarized-proton target'), the
1/e depolarizing dose was =~10% electrons. With a
beam intensity of = 10° electrons/pulse at 120 pps
incident on the target, the data were accumulated
in ~2h periods separated by ~3h intervals for
target annealing/changing and repolarizing.)

Experimental applications also place requirements
on the reversal of the direction of polarization. If
small asymmetries are to be measured, the polariza-
tion must be reversed at frequent intervals to avoid
systematic effects associated with long-term drifts.
Under polarization reversal the beam energy, inten-
sity and position at the target should remain
constant.

1.2. SURVEY OF POLARIZED ELECTRON SOURCES

The development of sources of polarized elec-
trons dates back to the proposals of Fues and Hell-
man in 1930 %), but has been actively pursued only
since the late 1950’s. Polarized electron source
development has been the subject of numerous
monographs and review papers. (See refs. 28, 30)
and references therein.)

TABLE I.

31

By 1971, when a polarized electron source was
proposed for SLAC ), there were only four techni-
ques which had undergone sufficient development
for them to be considered potential candidates for
accelerator applications. Low-energy Mott scattering
from atoms had been investigated at Mainz*%), at
Karlsruhe*-*), and at Stanford®). The technique of
extracting electrons from an optically pumped he-
lium discharge had been developed at Rice®). The
photoionization of high-Z alkali atoms by circularly
polarized light (the Fano effect) had been investi-
gated at Yale**) and at Karlsruhe® ). The pho-
toionization of state-selected alkali atoms was stu-
died at Yale?-*!) and at Bonn®?). Only the latter two
methods seemed to be viable choices for the SLAC
source. Since the work on photoionization of state-
selected alkali atoms at Yale had already reached
the stage of a prototype operating in a pulsed mode
at 100 keV, it was decided to construct PEGGY
based upon this method.

Since 1971, further development of polarized elec-
tron sources has occurred. Fano effect sources have
been developed at Bonn®%) for use with the 2 GeV
electron-synchrotron®) and at Yale®) for low-ener-

Characteristics of Polarized Electron Sources
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gy electron scattering experiments?®). Sources based
on photoemission from GaAs?*’) and field emis-
sion from a tungsten tip covered with ferromagnetic
EusS 3'%%) have been developed. In addition, electron
polarization in low energy diffraction (LEED) from
tungsten and gold crystals has been studied¥-%2). A
GaAs photoemission source which has produced up
to 4 x 10" electrons/pulse on target with a polariza-
tion of ~0.4 is now also being used at SLAC with
an unpolarized target for a PNC experiment'®). The
present status of polarized electron sources is sum-
marized in table 1.

2. Method
2.1. PHOTOIONIZATION OF STATE-SELECTED °Li

The production of polarized electrons by the
photoionization of state-selected ®Li atoms in an
atomic beam is discussed in refs. 26, 63. In this
section the salient points of the method, which is
illustrated in fig. 1, will be reviewed.

A beam of °Li atoms is produced by heating and
vaporizing lithium metal in an oven and passing
the emerging atoms through a collimation system.
Atoms in the M, = +3 ground state are selected by
deflection in the strong inhomogeneous field of a
sextupole magnet*, resulting in an atomic beam
with an electronic polarization, P, ,,..,, of magnitude
close to unity. The state-selected atoms adiabatical-
ly enter an ionization region in which there is an

* Depolarization of atoms crossing the zero-field axis of the
sextupole magnet (Majorana transitions) can be neglected in
the present case®).
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~200G longitudinal magnetic field with P, ,om
following the field direction and remaining close to
unity. If the direction of the longitudinal magnetic
field is reversed, the direction of P, ,.n is reversed
with respect to the direction of the beam.

The magnitude of the electronic polarization of
the atoms, P, ,.m, can be written as a function of
the magnetic field, H, in the ionization region
according to
Pe,amm = ?f(H), (6)
where s is the sextupole state selection parameter
given by
s =(QT—Q)Q"+Q7) (7
with 2* the effective solid angle for transmission
of the m, = +3 atoms through the sextupole mag-
net. As can be seen from fig. 2, s varies with the
assumed radial extent, p, of the ionization region.
For PEGGY, the ionization region is estimated to
have a radius of p=1(0.30+=0.15)cm. (See section
3.4.) The corresponding value of s is s =0.97+0.03
which includes an error of ~0.01 in the calculation
of the curve in fig. 2 due to an uncertainty of
+150 G in the value of the magnetic field at the
pole tips of the sextupole magnet. Within the ioni-
zation region, there is no significant variation of s
as a function of axial position.

The factor f(H) in eq. (6) is the hyperfine struc-
ture (hfs) coupling function?) and is shown for °Li
and Li in fig. 3. At zero field f(H) takes on the
value 1/(2/+1), in which [ is the nuclear spin. In
strong fields, where the nuclear and electronic spins

LONGITUDINAL MAGNETIC
FIELD COIL

|

Fig. 1. Schematic diagram of PEGGY showing the principal components of the lithium atomic beam, the uv optics and the ionization

region electron optics.
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Fig. 2. Computer calculation of the state selection parameter, s,

for the large bore sextupole magnet as a function of assumed
radius of the ionization region, p.

are decoupled, flH) approaches unity. The elec-
tronic polarization of a beam consisting of an iso-
topic mixture is the weighted average of P, ,,,,, cal-
culated for each isotope separately. For the axial
magnetic field dependence, H(z), shown in fig. 4,
the weighted average 7, of the hfs coupling func-
tion, for the isotopic mixture of the Li beam used
in PEGGY, varies from f=0.93 to f=0.97 over
the lenght of ionization region.

To obtain high electronic polarization in fields
not larger than =200 G, which is the limit imposed
by emittance considerations, an alkali atom with a
small hfs splitting is needed. ¢Li was chosen since it
has a small hfs splitting of 228 MHz and a small
nuclear spin value of /=1. Furthermore, the
photoionization cross section of Li (see fig. 5) is the
largest of all the alkali atoms. In addition depolariz-
ing effects due to spin—orbit coupling in continuum
states are negligible in Li %¢%). Disadvantages in the
use of lithium are its high boiling point, which
dictates high temperature (=875°C) operation of
the oven, and its short photoionization-threshold
wavelength (230 nm), which necessitates the use of
far-uv optics.

The polarized °Li atoms are photoionized by
pulsed uv light, which is focused and directed onto
the lithium atomic beam in the ionization region by
an ellipsoidal mirror and a 45° plane mirror. An

additional pass through the interaction region is
provided by a retro-reflector. The ionization region
is maintained at a potential of —70kV, and the
photoelectrons are accelerated to ground potential
during extraction. A repeller electrode prevents the
electrons from leaving the ionization region in the
backward direction. The lithium ions drift toward
the surrounding electrode surfaces.

2.2. DEPOLARIZING EFFECTS

The polarization of the extracted electron beam is
degraded from the value P, ,, if the beam contains
unpolarized background electrons originating at the
electrode surfaces by photoemission or field emis-
sion. This background contamination can be
avoided by careful design of the electron—optical
configuration. Intensity measurements with the
atomic beam off demonstrated that the background
electrons contributed <10-3 to the beam intensity.
In addition depolarizing effects during the extrac-
tion process were estimated to be negligible.

The photoionization of any Li, molecules in the
beam reduces the polarization. The degree of depo-
larization caused by the presence of Li, in the
atomic beam is given by the product of the fraction
of Li, molecules in the beam at the ionization
region and the ratio of the molecular to the atomic
photoionization cross sections. For an oven temper-
ature of 875°C and an orifice temperature of 925°C

1.0

0.8

06

0.2

0 | | | | I
0 100 200 300 400 500

H  (G)

Fig. 3. The hfs coupling function, f(H), for the two stable lithium
isotopes in the presence of a magnetic field, H.

600
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Fig. 4. Scale drawing of electron optical components at the ionization region shown together with the axial magnetic field, H(z), and
the results of electron trajectory calculations. The half-tone areas are cross sections of the electrodes and other components exposed
to photoelectrons. The thin line, shown in the upper half only, which bounds the exposed surfaces of these components, is the
boundary used in the computer calculations of the electron trajectories. The thin curved lines are equipotential lines starting at
—70kV for the closest line on either side of the ionization region and extending in 7 kV steps to — 7 kV for the most distant line on
either side. The six heavy lines, two starting at the ionization region (z=0) and extending downstream (positive z direction), one
starting at the ionization region and extending upstream (negative z direction), and three starting at points along the repeller and
cathode are representative electron trajectories.
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Fig. 5. Lithium photoionization cross sections for the 28 ground
state and the 2P excited state. Solid curves are experimental
results and dashed curves are theoretical calculations with bands
representing the spread in the measured and the calculated
results. The experimental results are taken from refs. 101 and
102 for the 2S ground state and from an empirical formula given
in ref. 103 for the 2P state. The theoretical calculations are taken
from refs. 104 and 105 for the 2S state, and from refs. 106, 107
and 108 for the 2P state.

it can be shown?%) that the fraction, y, of Li, in
the beam at the oven orifice is 0.035. The value of
p at the ionization region, however, is substantially
smaller since the Li, molecules are not focused by
the sextupole magnet. The effective solid angle for
transmission, 2., of the Li, molecules from the
oven to the ionization region is given simply by the
geometric acceptance angle which in our case is
~6 x 1073 sr. The effective solid angle for transmis-
sion of unpolarized atoms 2,=(Q*+027)/2, as
calculated from the sextupole computer pro-
gram?-%), on the other hand, is =3 x10-*sr. Thus
the molecular fraction, y’, at the ionization region is
given by y'=vQ,./02,~0007. Above the Li pho-
toionization threshold, the photoionization cross
sections for Li and Li, are known to be of the same
order of magnitude®’). At threshold, where the only
accurate measurements have been made, the cross
section for Li, is three times that for Li. (See
ref. 67.) Therefore we assume that the photoioniza-
tion of Li, results in a depolarization of the electron
beam of (3+2)y'=0.02+0.01.

M;=-3/2 -1/72 +1/2 +3/2
E’_" -1/3 +1 P3/2
¥173 —{=173] Pir2

20O QU 3

N ]

Fig. 6. Schematic representation of the atomic excitation scheme
(nuclear spin decoupled). The ground state atoms are assumed to
be in the m; = +3 state. Unpolarized 2S-2P resonant light inci-
dent parallel to the magnetic field induces the transitions indi-
cated by the upward pointing arrows. The spontaneous decay
transitions are indicated by the downward pointing arrows. The

circled numbers denote the relative strengths of the transition.
The electronic polarization of each state is given in the boxes.

Sis2

If an intense, broadband flashlamp is used for the
photoionization, a substantial fraction of the Li
atoms in the ionization region will undergo a trans-
ition to the 2P state prior to ionization by the uv
light. Since the photoionization cross section for 2P
atoms is much higher than that for ground state
atoms (see fig. 5), this two-step photoionization
process will significantly increase the electron beam
intensity. However, the electron polarization will be
reduced®-31%). As shown in fig. 6, unpolarized
25-2P resonant light at 670.8 nm incident parallel
to the magnetic field induces transitions to magnet-
ic substates at the 2P level which consist of a
mixture of pure spin states. The result is the intro-
duction of a factor of (3)" in the atomic polarization
for those atoms which have undergone n excitations
prior to photoionization. This depolarizing effect
was almost completely eliminated with the use of a
uv interference filter which removed =99% of the
670.8 nm resonance radiation, resulting in a depo-
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Fig. 7. Optical efficiency of the major components of the optics
system: (a) ellipsoidal mirror; (b) uv filter; (c) vacuum window;
(d) 45° plane mirror. The dashed lines represent regions of less
certainty.
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larization of <19% at high light intensity. This filter
also reduced the uv light intensity by a factor of
~2. (See fig. 7.)

2.3. POLARIZATION MEASUREMENTS

Two techniques were used to measure the PEG-
GY polarization. At 70 keV prior to injection, a
Mott scattering polarimeter monitored the beam
polarization, while at GeV energies a Mgller scatter-
ing polarimeter was used*.

2.3.1. Mott scattering

The scattering of electrons at energies of
~ 100 keV by the electric field of heavy nuclei is a
standard method®-"") for determining the electron
polarization, P,. The measured quantity is a
left—right scattering asymmetry, 4y, for a trans-
versely polarized beam. The polarization and scat-
tering asymmetry are related by P,=4,/S with
Ay =N —Nyp)/(N +Ny), where N4, denotes the
left (right) counting rate, and the asymmetry func-
tion, S, is the analyzing power (Sherman function)
of the scattering process. Calculations™) give a
value of =0.4 for § if the electrons have a velocity
of v=0.5¢ and are scattered from high Z nuclei
into backward angles of ~120°.

Although the Mott scattering method is simple in
principle, corrections have to be applied to the
measured asymmetry for instrumental efficiencies,
detector acceptances, multiple and plural scattering
events within the foil, and various background
contributions®). If the counting rates N, and Ny are
measured simultaneously by two detectors symme-
trically placed relative to the incident beam, the
measurement of 4,, will be insensitive to beam
intensity fluctuations. Exchanging the detectors by
a rotation of 180° around the beam axis provides a
means for normalizing instrumental efficiencies and
detector acceptances if care is taken to avoid the
introduction of a new asymmetry by this rotation.
With the use of several scattering foils of different
thicknesses, the effect of multiple and plural scat-
tering events can be determined to provide a calibra-
tion of the Mott polarimeter for any one of the
foils. Beam dependent background effects, such as
inelastic scattering from the foil or chamber walls,
which do not give rise to a left—right asymmetry,
can be taken into account with the use of energy-
sensitive detectors and pulse height analysis.

* High energy elastic scattering from a polarized proton target
provided an additional check on the high energy polariza-
tion!).

For a polarization analyzing system which em-
ploys counting techniques, a relatively low beam
intensity is needed. Since a spin rotation from the
initial longitudinal direction to a transverse direc-
tion is also required, 90° scattering from a gold foil
(prior to the 120° analysis scattering) can be used to
satisfy both requirements. The rotation of the polar-
ization vector during the 90° scattering is small and
calculable.

2.3.2. M@LLER SCATTERING

Elastic electron—electron (Mgller) scattering has
been extensively employed at energies of
~1 MeV ¢7) 10 measure electron polarization. This
technique was chosen as the means to determine
the high energy beam polarization at SLAC because
the cross section and analyzing power are large and
the process is purely quantum electrodynamic. The
Mgller asymmetry and laboratory cross section at
the representative incident beam energy of
9.712 GeV are shown in fig. 8. A Mgller target
consists of a thin ferromagnetic foil magnetized to
saturation in an axial magnetic field and inclined at
a small angle with respect to the beam direction to
provide a large component of longitudinal polariza-
tion. Reversal of the field direction reverses the
polarization of the target. The asymmetry in the
scattering can then be measured in a single arm
experiment by periodically reversing either the
beam or target polarization®). The scattered elec-
trons, after separation from the primary beam by a
bending magnet, are analyzed in momentum and

8c.m{DEGREES)

20 40 60 80 IQO I%O

I
0.8 |‘
|
\

0.6 Asymmetry

04

0.2r

Fig. 8. The Moller asymmetry and laboratory cross section plot-
ted versus scattering angle for the representative incident energy
of 9.712 GeV, one of the energies at which Maller polarization
measurements were made?3).
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scattering angle by a spectrometer containing appro-
priate detection and particle identification ele-
ments.

3. Apparatus
3.1. GENERAL LAYOUT

Top and elevation views of the installation of the
polarized electron source at SLAC are shown in
fig. 9. PEGGY was located in the beam line tunnel
of the linac but separated from the injector by a
radiation wall which permitted source maintenance
during accelerator operation. An achromatic beam
transport system carried the polarized electrons
from the source through the radiation wall into the
injector.

PEGGY consisted of four major components: an
oven chamber, an ionization chamber, an optics
chamber and a Mott scattering chamber. Inside the
oven chamber, shown schematically in fig. 10, were
the atomic beam forming elements comprising the
Li oven, collimators, beam chopper and sextupole
magnet. The ionization chamber, also shown in
fig. 10, housed the electron—optical elements re-
quired for extraction of the photoelectrons as well
as the 45° plane mirror and a spherical retro-reflec-
tor which redirected the light onto the lithium
beam with maximum overlap. Immediately below
the ionization chamber was the optics housing
containing the uv flashlamp and the ellipsoidal
mirror which focused the uv radiation onto the
ionization region.

As shown in fig. 9, a 14° bend was located down-
stream from the ionization region. A pulsed magnet
at this bend was used to direct the electron beam
either into the transport line for injection into the
accelerator or into the Mott scattering chamber for
polarization analysis.

In the following parts of this section we will
present a detailed discussion of the various com-
ponents of the apparatus.

3.2. ATOMIC BEAM

To produce an atomic beam with the required
intensity and running time, a suitable lithium oven
had to be developed. Significant atomic beam inten-
sities can be achieved only with Li vapor pressures
of several Torr within the oven, corresponding to
oven temperatures well above 750°C. At these high
temperatures, the corrosive effects of Li are sub-
stantial, with the consequence that containment
materials generally must be restricted to low carbon
steels and several refractory materials™). Thus, the

oven body, shown in fig. 11, was fabricated from
ARMCO (ingot) iron; in order to eliminate welded
joints in contact with liquid Li metal, the oven
body was machined from a solid block. The oven
top, which included the Li filling port, and the oven
orifice were machined from type 430 stainless steel
(a ferritic steel). Since past experience had shown
that inert gas tungsten-arc welded joints became
porous after extended exposure to hot Li vapor, the
oven parts were joined by electron beam welding
with a 1 cm deep penetration weld.

In order to permit high temperature operation,
the oven was thermally isolated from its surround-
ings with three tungsten pins used for support and
four layers of stainless steel sheet used for a heat
shield. The walls of the oven chamber and a copper
box surrounding the heat shield were cooled with
freon. To maintain the oven at an operating
temperature of 875°C, =600 W of heating power
were required. The heating power was provided by
~35m of Thermocoax* type 1NcI20 resistive
heating cable wound around the oven. Separate
windings permitted the oven top and orifice to be
operated at higher temperatures than the oven
bottom, a condition necessary for stable operation.
The oven temperatures were monitored with three
chromel—alumel Thermocoax* type 2 AB120 ther-
mocouples at the oven bottom, top and orifice,
respectively. Two ovens constructed in this manner
have been successfully operated at high temperature
for more than 500 h each with no noticeable deter-
ioration. Two smaller ovens, similarly constructed
but with only § of the lithium capacity, have also
been operated for extensive periods of time
(>1000 h each) with little noticeable deterioration.

In the design of the atomic beam, a conventional
type beam from a large bore orifice was adopted.
Dimensions of the atomic beam forming system are
shown in fig. 12. The exit orifice of the oven had a
radius, a,, of 0.85mm and a channel length of
=~ 1.2 mm. For pure effusive flow sources the mean
free path, A,, of the particles in the oven must be
greater than either the radius or the channel length
of the exit orifice. If these conditions are met, then
the number of atoms emerging per second into a
solid angle d€ at an angle 6 with respect to the
normal to the exit orifice is given’™) by

N(0)dQ = 1.1x10?2 py Ag(MTp) ™2 x
x cosfd atomss™!, (®

* Amperex Electron Corporation, Hicksville, NY 11802.
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IONIZATION CHAMBER
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lon Pump

OPTICS CHAMBER

Fig. 10. Cross section of the oven and ionization vacuum chambers and of the optics chamber showing the atomic beam forming and
optics components (the polarized electron beam exits to the right): (a) typical feed-through for oven heating current; (b) Thermocoax
heating cable; (c) freon cooling system; (d) copper box; (e) pivot; (f) horizontal positioning plate; (g) vertical adjustment; (h) funnel; (i)
Li recovery bottle; (j) collimator I; (k) chopper wheel; (I} lamp; (m) photodiode, (n) motor and ferrofluidic feed-through; (o) collimator
II; (p) sextupole magnet; (q) axis of butterfly value; (r) atomic beam; (s) vortex stabilized Ar flashlamp; (t) ellipsoidal mirror; (u) tilt;
(v) horizontal positioning plates; (w) photodiode; (x) uv filter; (y) Suprasil window; (z) 45° plane mirror; (aa) ground shield; (bb)
repeller; (cc) cathode; (dd) anode; (ee) retro-reflector; (ff) ionization region; (gg) cylindrical coil; and (hh) retractable atomic beam

detector.

where p, is the oven pressure in Torr, 4 is the area
of the exit orifice in cm?, M is the molecular
weight, and T; is the oven temperature in K. Thus
for effusive flow conditions, the number of atoms
emitted per second is proportional to po Ty }.

If §=3.1x10"%cm is the effective diameter of a
Li atom as determined by viscosity and diffusion
measurements’), then A, for Li is given by*

Ao = 2.4x1071° Typgto™?

=25%x10"* Typ; ! )

Consequently, for our operating conditions
(T,=21150K, p,= 7.8 Torr), the mean free path pre-
dicted by eq. (9) was <0.04 mm. Thus since the
ratio A,/a, was <0.05, the flow through the exit
orifice was in the transition range between pure

mm .

* No measurement of the appropriate mean free path of Li
atoms exists. A discussion of the suitability of using the
diameter as determined by viscosity or diffusion measure-
ments for calculating mean free paths is given in refs. 75 and
77.

viscous flow for which A,/a,<0.01 and pure effu-
sive (molecular) flow™) for which A,/a,>1.

It is expected that particle—particle scattering in
the vicinity of the exit orifice should reduce the
beam intensity in the forward direction relative to
that predicted for pure effusive flow”). The first
collimating aperture (see fig. 12), which was placed
=~2.5cm in front of the oven orifice, shortened the
axial distance along which particle—particle scatter-
ing could occur, but introduced additional particles
backscattered from the collimator structure. This
backscattering was reduced by maintaining the
collimator at a temperature of ~400°C, which was
warm enough to avoid build-up of Li in the colli-
mator aperture, and cool enough to permit most of
the lithium atoms striking the collimator structure
to condense and flow away from the aperture into a
removable Li recovery bottle located below the
collimator. If the pumping speed between the oven
and first collimator is sufficiently high, the mean
free path will increase rapidly as the atoms move
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Fig. 11. Cross section of the larger lithium (750 g capacity) oven and the first collimator. The wire mesh “wick™ and the spherical
surface of the collimator assist the condensed Li to flow away from the aperture and into the Li recovery botile.
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(3.8 mm 1ID)
Sextupole Mognet
‘ (6.35mm 1D)

First Collimator Chopper
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{(.70mm ID) )

Fig. 12. Atomic beam collimating system. The diameters of the beam defining orifices are indicated. The heated elements are shaded
by diagonal slashes.
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Fig. 13. Atomic beam intensity in atoms s—! at the surface-
ionization detector as a function of oven temperature 7, for
which the vapor pressure of lithium is pj. The data are indicated
by the closed circles. The uncertainty in the detector efficiency is
shown for the datum at our typical operating temperature. The
temperature scale for the data has an uncertainty of =15°C
associated with it. The solid curve is the variation for effusive
flow conditions predicted by eq. (8) and the calculated value of
2.9%x10~*sr for the effective solid angle for transmission of Li
atoms through the large bore sextupole magnet to the detector
region.

away from the oven orifice. In fact, as shown in
fig. 13, the atomic beam intensity measured at a
surface-ionization detector located downstream
from the sextupole magnet showed no significant
deviation from effusive flow predictions until the
source temperature exceeded 875°C.

Occasionally, lithium condensed at the aperture
of the first collimator forming a ‘‘clog” which
blocked the beam. Generally, these clogs were
removed and normal atomic beam intensities res-
tored within 1h by temporary heating of the colli-
mator to a temperature of =600°C. (It was found
that fewer clogs formed when the surface of the
collimator was left unburnished after cleaning with
deionized water and ethanol.)

In order to minimize buildup of Li in the sextu-
pole magnet, a second collimator was placed in
front of the magnet entrance. In addition, a
mechanical chopper in the form of a thin rotating
disk with 6 holes on the circumference having a
total transmission of 6%, was placed between the
two collimators. The angular velocity and phase of

Permendur
Pole Piece

Alnico 8a Driver

5.72 cm

Fig. 14. Cross section of the 3.2 mm bore sextupole permanent
magnet.

the chopper were synchronized with the flashlamp
trigger pattern such that the atomic beam in the
ionization region was at its full intensity during the
light pulse. Normally, the second collimator was
operated at a slightly higher than ambient tempera-
ture. For a few minutes every 12h, however, its
temperature was raised to about 275°C to permit
accumulated Li to drain off. (Higher temperature
operation was precluded by the proximity of the
sextupole magnet.)

During the course of PEGGY’s development, two
sextupole magnet designs have been used. Scale
drawings of the cross sections of these permanent
magnets are shown in figs. 14 and 15; the signifi-
cant magnet parameters are listed in table 2. The
small bore magnet*, which was used in the early
stages of development, had a state selection para-
meter, s, very close to unity: Since computer calcu-
lations** indicated that a substantial increase in

* Fabricated by Frequency and Time Systems, Inc., Danvers,
MA 01923.
** The computer calculations are described in refs. 26 and 64.

Alnico ¥
Magnet
Mild Steel
Vanadium Permendur
Pole Tip

1H.3cm

30"_.1 | 5&/

Fig. 15. Cross section of the 6.4 mm bore sextupole permanent
magnet.
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TABLE 2
Oven, collimator and sextupole parameters

A. Oven parameters
Oven capacity at 925°C 750 g
Ratio of internal height to diameter 1
Wall thickness lcm
Length of Thermocoax heating cable in contact with oven 35m
Power required at 875°C 600 W

B. Beam collimating parameters
Oven orifice diameter 1.7 mm
Oven orifice channel length 1.2 mm
Separation of oven orifice and collimator I 2.54 cm
Collimator 1 aperture diameter 2.26 mm
Separation of oven orifice and collimator H 8.1cm
Collimator II aperture diameter 3.8 mm

C. Sextupole magnet parameters small bore large bore
Gap between pole tips 3.2mm 6.4 mm
Length each section 7.6 cm 15.2cm
Number of sections 4 2
Space between sections 1.3cm 1.1cm
Magnetic field strength at pole tips 8600 G 8300 G
Effective transmission angle to ionization region:
Q+ for my = +1/2 atoms 29x10~ 4 sr 5.2x10 4 sr
Q- for my=—1/2 atoms 6.2x10~7 sr 6.8x 105 sr
State selection parameter, s, for an ionization region of radius 0.3 cm 0.996 0.97

D. Other parameters
Distance from oven orifice to entrance of sextupole magnet 11 em
Distance from sextupole magnet exit to center of ionization region 28 cm
Polarization of atomic beam, P, jom » in ioOnization region 0.95+0.04 0.92+0.04
Distance from ionization region to atomic beam detector 36 cm

beam intensity with only a minor reduction in
polarization could be achieved with a larger bore
magnet, such a magnet was constructed at SLAC
and has been used exclusively since 1975. Accord-
ing to the computer calculations, the effective solid
angle, 2+, for transmission of m,= +1/2 atoms
through the large bore magnet is almost a factor of
2 larger than that for the small bore magnet.
However, the m, = —1/2 solid angle, 2, for the
large bore magnet is 10 times that for the small
bore. Nonetheless, for the large bore magnet, 2~ is
still small compared to £2* so that s is reduced by
only =2%.

The atomic beam forming components were
aligned with respect to the optical axis with the aid
of a telescope and a small 45° plane mirror located
near the Mott chamber. During operation of PEG-
GY, the collimator apertures and the oven orifice
could be viewed with the telescope (the second
collimator could be illuminated by a filament which
was located between the two collimators just out of
the beam path). The horizontal and vertical posi-

tions of both the oven and the first collimator were
adjustable from outside the vacuum system.

The atomic beam intensity was monitored 36 cm
downstream from the center of the ionization
region by an adjustable surface-ionization (Lang-
muir — Taylor) detector’® #%) consisting of an oxidized
and heated tungsten wire 0.13 mm in diameter and
1.25cm in length. The profile of the atomic beam
produced at an oven temperature of 875°C, trans-
mitted by the large bore sextupole magnet, and
measured by the surface-ionization detector is
shown in fig. 16a together with the calculated
profile from the computer analysis. As can be seen
the agreement is good, except in the wings of the
profile. The calculated profile at the center of the
ionization region, shown in fig. 16b, indicates that
the full width half maximum of the atomic beam
was 0.30 cm. Calculations also show that for an
oven temperature of 875°C (for which the mean
velocity in the atomic beam is ~2x 10° cm/s), the
atom density on axis at the tonization region was
3x 10" atoms/cm?, and that for a cylindrical ioniza-
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Fig. 16. Atomic beam profile at (a) the surface-ionization detector
located 36 cm downstream from the center of the ionization
region and (b) the center of the ionization region. The curves are
obtained from computer calculations for an oven temperature of
875°C, a Li vapor pressure of 8 Torr, a detector wire diameter of
0.13 mm and a transmission through the mechanical chopper of
0.06. No correction is made for the length of the hot wire.
Surface-ionization detector measurements are shown as closed
circles in (a). The measured intensity has an uncertainty of
+20% while the full width half maximum (fwhm) is correct
within a few percent. The deviation from the predicted profile in
the wings is probably due to collimation effects which were not
taken into account in the computer calculations.

tion volume measuring ~0.6cm in diameter by
~4cm long there were =~ 10" atoms available for
1onization.

The maximum capacity of the large oven was
750 g Li. At the normal operating oven temperature
of 875°C, a full intensity running time of =175h
was possible before the oven charge was depleted.
In order to reload the system, the empty oven was
allowed to cool, after which the oven chamber was
backfilled with Ar and the components were
removed. Deionized water and ethanol were used
to clean lithium and lithium compounds from the

oven chamber walls and the components. A second
set of previously cleaned components ~ including
an oven already filled with Li - was installed and
the oven chamber was baked for 6 h (with the
chamber walls at = 150°C and the oven at ~320°C)
before the oven was heated to its normal operating
temperature.

Because of the vacuum requirements of the accel-
erator, only oil-free pumps were used for evacua-
tion. For this reason, a bellows pump was used to
rough the system to =~1/9 atm, after which sorp-
tion pumps were used to provide a vacuum of
= 10-2 Torr during the baking of the oven chamber.
For oven temperatures exceeding 320°C, a high
vacuum was necessary to avoid contamination of
the lithium and to eliminate any attenuation of the
atomic beam by residual gas scattering. A vacuum
of 10-% Torr was maintained by a 600 #/s ion pump
located directly below the oven chamber. In order
to prevent the ion pump from stalling, a minimum
of 10 h was required to raise the oven temperature
from 320°C to the normal operating value of
875°C.

Oil-free Li consisting of 95.6% °Li and 4.4% ’Li
sealed in metal cans under an Ar atmosphere was
obtained from Oak Ridge National Laboratory*. All
Li handling was done under an Ar atmosphere in a
glove box which surrounded the access flange of a
separate vacuum chamber used for melting the Li
into the oven. To fill an oven, Li was placed in a
funnel which was inserted into the oven filling port.
The oven, funnel and Li were then heated to
~250°C in a vacuum of =~10-?Torr until the Li
melted and flowed into the oven. The original
“skin” of the Li, which often had a dully gray—white
appearance, remained behind in the funnel.

By removing the Li recovery bottle from the
oven chamber, mounting it upside down on top of
the Li melting chamber, and heating the bottle until
the Li flowed into the funnel below, approximately
2/3 of the Li from any oven charge could be recy-
cled. After filling, the oven was cooled and stored
in the Li melting chamber under an Ar atmosphere
until needed. The Li filling port was sealed prior to
removing the oven from the glove box. Exposure of
the Li to air was thus limited to the air which
entered the oven through the orifice during the
~ 30 min required to install and begin the evacua-

*

Oak Ridge National Laboratory, Isotope Sales Department,
Oak Ridge, TN 37830.
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tion of the oven in the PEGGY vacuum sys-
tem¥.

3.3, LiGHT SOURCE AND OPTICAL SYSTEM

The light for photoionization of the lithium
atoms was provided by a flashlamp. The compon-
ents of the optical system used for transterring the
light to the ionization region, shown in fig. 10,
consisted of a primary focusing mirror, uv interfer-
ence filter, optics housing, vacuum window, 45°
plane mirror and retro-reflector mirror. The pho-
toionization cross section for Li, as determined by
several authors, is shown in fig. 5. As can be seen
from the figure, the cross section for ionization of
ground state Li remains high well into the vacuum
ultraviolet region. To utilize a broad spectral range,
the optical system was designed for maximum effi-
ciency in the wavelength range 170-230 nm; that
is, from the cutoff in transmission of quartz to the
threshold of ionization of ground state Li.

3.3.1. Flashiamp

The successful development of the polarized elec-
tron source depended on the availability of a pulsed
uv flashlamp of high intensity and brightness. The
lamp had to be able to operate at the accelerator
repetition rate of 180 Hz with a pulse width of
=~ 1.6 us. In addition, good arc stability and lamp
lifetimes of a least 107 pulses were required. The
sealed xenon flashlamp initially used was replaced
in 1975 with a vortex stabilized argon flashlamp.

The design of the sealed flashiamp was developed
by a Yale collaboration with the Naval Research
Laboratory®'). The final design®**, shown in fig. 17,

* In spite of the extensive precautions taken 1o minimize
contamination of the Li, a clog of the oven orifice occurred
occasionally which could not be removed by extended super-
heating of the orifice to 1020°C. Inspection usually showed
that the orifice was completely covered by a brittle film.
Spectroscopic analysis of a film sample revealed that the
major non-lithium component was carbon. In some rejected
shipments of Li, carbon inclusions of up to S mm diameter
were found.

** Model L-1841 manufactured by ILC Technology, Inc., Sunny-
vale, CA 94086.

Fig. 17. Cross section of the sealed lamp.

consisted of sintered tungsten electrodes separated by
a 4 mm gap. The lamp had a Suprasil quartz envel-
ope (minimum distance to gap =2cm), and was
filled with 5 atm Xe to optimize light intensity and
lamp  lifetime.  The  useful lifetime  of
=~ 3 10% pulses (determined by a 50% decrease in
light output) was limited by deposition of tungsten
on the lamp envelope.

The measured intensity distribution varied ap-
proximately with the cosine of the angle on either
side of the median plane. The arc channel, while
relatively fixed at the pointed anode, wandered
about the axis of the cathode by as much as 2 mm:.
Consequently, the pulse to pulse variation of the
overlap of the arc image with the atomic beam in
the tonization region resulted in a fluctuation of the
photoelectron yield of =20%.

To increase the light intensity and lamp lifetime,
and to improve the pulse to pulse stability, a vortex
stabilized flashlamp of the type first developed by
Mack?®) was designed and constructed®) at SLAC.
To form a vortex, the fill gas was admitted under
pressure through tangential jets located at the
cathode side of the lamp and exhausted through an
axial hole in the cathode and through an annular
opening around the anode rod, as shown in fig. 18.
The axial angular momentum imparted to the gas
formed a radial pressure gradient which served to
stabilize the location of the arc channel to
~ =0.1 mm. The gas flow also carried away mater-
ial sputtered from the electrodes, greatly reducing
the deposition rate on the lamp envelope. The
anode was a 3 mm diameter solid thoriated-tungs-
ten (98% W, 2% Th) rod with a flat face. The
tungsten (2% Th) cathode rod had a 9.5 mm dia-
meter which tapered to a flat face 5.1 mm in
diameter. The anode—cathode gap was 10 mm.
Lamp performance was found to improve when the
lamp inlet gas pressure was increased to =5 atm,
the limit of the gas compressor. The argon gas,
which was recirculated at a flow rate of ~4.51/s
STP, was extensively filtered to remove organic
contaminants introduced by the gas compressor.
Periodic monitoring of the recirculated argon indi-
cated that the gas contained less than S ppm of
oXygen or water vapor.

The light output in the useful spectral range of
170-230 nm had a value of =~0.5] per pulse for a
lamp current pulse of 7.0 kA peak. The lamp could
be operated for at least =2x 107 pulses (31 h at
180 pps) with only a small decrease in the uv inten-
sity and with a pulse to pulse variation in intensity
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Fig. 21. Spectrum of the vortex flashlamp for a peak lamp
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the eye. In the longer wavelength region where there are no
connecting lines the absolute calibration is not well known.

of <5%. Slight darkening of the lamp envelope and
consequent deterioration of light intensity was
apparent after this time. The lamp was rejuvenated
easily with the replacement of the Suprasil envel-
ope* and the reworking of the surfaces of both
electrodes which became eroded and discolored in
use. To facilitate rapid lamp replacement, two inter-
changeable lamp mounts were constructed. A lamp
could be removed from the optics housing and
replaced by the spare within =~ 30 min.

The vortex-stabilized flashlamp was a considera-
ble improvement over the sealed flashlamp in

*

The 30 mm o.d. by 1.5 mm wall Suprasil tubing was supplied
by Heraeus-Amersil, Inc., Sayreville, NJ 08872.

M. J. ALGUARD et al.

intensity, lifetime and positional stability of the arc.
A typical arc pattern of the vortex-stabilized lamp is
shown in fig. 19. Typical spectra for both lamps are
shown in figs. 20 and 21. These spectra were meas-
ured with a portable Bausch and Lomb monochro-
mator and ITT photodiodes of known spectral effi-
ciencies**. An overall normalization determined at
several wavelength regions using selective filters of
known transmission was applied to the final curves
to correct for variations in monochromator efficien-
cy and solid angle acceptances.

The current pulse for the flashlamp was gener-
ated by a thyratron-switched modulator (fig. 22)
which was a standard SLAC klystron modulator®*)
modified for higher current and voltage capabilities.
A 20 kV dc high voltage supply charged the capaci-
tors in the pulse forming network (PFN) through a
resonant charging circuit to a maximum of 40 kV.
The trigger input was amplified and applied to the
control grid of a high current hydrogen thyratron
switch tube. When the switch became conducting, the
charge stored on the PFN capacitors was dissipated
in the lamp arc and the 22 load resistor. The
modulator could provide a current pulse of 1.6 us
duration of up to 8 kA into a resistive load of 26 at
repetition rates up to 180 pps. To produce a peak
lamp current of 7.0kA, the PFN capacitors were

** The photodiodes were calibrated in the laboratory of W.E.
Spicer, Stanford University, by comparing their spectral sensi-
tivity to standards provided by the U.S. National Bureau of
Standards.
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Fig. 22. Block diagram of the modulator circuit for the vortex stabilized flashlamp. Abbreviations which have been used are as
follows: P.S., power supply; D.C., direct current; L, inductance; and C, capacitance.
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Fig. 23. Vortex flashlamp current pulse and corresponding light
pulse. The structure in the lamp current pulse is a result of
ringing in the modulator circuit and does not appear in either the
light or the photoelectron pulse.

charged to 33.6kV. The integral of the spectrum
shown in fig. 21 between 170 and 700 nm, into
4 7t sr, represents about 1.5% of the energy stored
in the PFN. A typical light intensity pulse along
with the corresponding lamp current pulse is shown
in fig. 23.

3.3.2. Mirrors

An ellipsoidal mirror was used as the primary
focusing mirror to concentrate the uv light in the
lonization region. The flashlamp was centered at
the inner focus and the ionization region, as
reflected in the 45° plane mirror, at the other focus.
The semimajor and semiminor axes of the elipsoid
were 35.5 and 27.3 cm respectively. The mirror
surface was an annular segment of the ellipsoid.
The mirror, shown in fig. 18 together with the
vortex lamp, subtended a solid angle of 4.7 and
0.4 sr as seen from the inner and outer foci, respec-
tively. The magnification of an image formed at the
outer focus was =3.5 in the transverse dimension
and =10 in the longitudinal direction. Thus the
image of the arc pattern shown in fig. 19 had a
diameter of =0.75cm at the outer focus of the
ellipsoidal mirror.

The primary focusing mirror blank was machined
from aluminum to an accuracy of =0.02 mm of the
ellipsoidal form. The surface was then plated with

Kanigen (electroless nickel) which served as a
substrate for optical polishing*. The final ellipsoidal
form of the mirror was such that a point light
source placed at the inner focus produced an
“image” at the outer focus less than 1.0 mm in
diameter. To achieve maximum reflectance in the
uv, the mirror was aluminized and overcoated with
MgF, **. The measured reflectance is shown in fig.
7. Care was taken at all times to keep the mirror
stored in a clean, dry atmosphere since MgF, is
hygroscopic and since small amounts of organic
vapors deposited on the mirror surface could
adversely affect performance.

The 45° plane mirror, located inside the vacuum
chamber, reflected the converging light cone onto a
horizontal axis, achieving maximum overlap with
the atomic beam in the ionization region. This
mirror was a polished quartz disk 24 cm in diameter
and 0.6 cm thick, the front surface of which was
aluminized and overcoated with MgF, for maxi-
mum reflectance in the uv as in the case of the
ellipsoidal mirror. The measured reflectance is
shown in fig. 7. A 1.3 cm diameter hole machined
through the mirror at 45° allowed the atomic beam
to enter the ionization region, as shown in fig. 10.
Although the mirror was maintained at a tempera-
ture of 200°C to avoid deposition of Li scattered
from the atomic beam, it gradually became cloudy
and degraded in performance and after serveral
months of operation had to be replaced.

After its first passage, the light was reflected back
into the ionization region by a 13cm diameter
spherical mirror with a radius of curvature of
14cm. This second passage of light contributed
10-20% to the photoelectron yield. The spherical
retro-reflector was fabricated from stainless steel
and, as in the case of the ellipsoidal mirror, its
optical surface was aluminized and overcoated with
MgF,. A Suprasil quartz disk placed over the
reflecting surface protected the coating from scat-
tered Li, while a 90% transparent wire mesh
placed in front of the quartz disk served as the
ground plane for the extraction field. A 3cm
diameter hole through the center of the retro-reflec-
tor assembly allowed extraction of the photoelec-
trons from the ionization region, as shown in fig. 4.

*

The polishing was carried out by the Electro—Optical Divi-
sion of the Perkin-Elmer Corp., Norwalk, CT 06856. Scat-
tered light due to surface roughness was specified to be no
more than 1% at 632.8 nm. The percentage of uv light scat-
tered would be expected to be greater.

** The mirror was coated by Acton Research Corp., Acton, MA
01720.
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3.3.3. Filter

As its spectrum reveals, the SLAC vortex lamp
produces intense red as well as uv light. Since
exitation of Li by the resonant 2S-2P line at
670.8 nm decreases the atomic electronic polariza-
tion (see section 2.2), the red light was removed by
a broadband uv interference filter* introduced into
the light cone just above the flashlamp. The filter
consisted of a Suprasil grade quartz disk coated
with alternating layers of MgF, and Al forming the
interference cavity. Precise control of the uniformi-
ty and thickness of the films was required to
achieve the large bandwith and high transmission
shown for this filter in fig. 7.

3.3.4. Optics housing

A sealed housing enclosed that part of the light
path which lay outside the vacuum system. Oxygen
absorption of the uv light below 185 nm was elimi-
nated by replacing the ordinary atmosphere in the
housing with dry N, gas, resulting in a 20%
increase in photoelectron yield. The controlled
atmosphere also served to protect the primary
mirror, interference filter and vacuum window from
organic vapors which would be cracked by the uv
light, forming harmful deposits on these surfaces.
Ozone, which otherwie would be present in un-
healthful amounts, was also eliminated by the use
of an N, atmosphere.

The lower plate of the optics housing served as
the support for a motion assembly upon which the
primary focusing mirror was mounted. Couplings
through the housing wall allowed external position-
ing of the mirror with five degrees of freedom.
Attached to the optics housing was a vertical lift
mechanism which facilitated lamp changes. A win-
dow on the side of the housing at the level of the
flashlamp arc allowed the light intensity to be
monitored by a photodiode.

3.3.5. Vacuum window

A 28 cm diameter by 2.0 cm thick polished Suprasil
disk served as vacuum window for the light. The
measured transmission of the window is shown in
fig. 7.

3.4. ELECTRON EXTRACTION AND TRANSPORT
The ionization region is a cylindrical volume
approximately 4 cm in length and 0.6 cm in dia-

* Developed by
MA 01720.

Acton Research  Corporation, Acton,

meter and essentially is defined as the volume
within which those photoelectrons accelerated to
high energy originate. The extraction efficiency for
all photoelectrons originating in this volume is
believed to be close to unity. This region was
centered on the axis of the atomic beam at the
outer focus of the ellipsoidal mirror, the center of
which was ~28 cm downstream from the exit of
the sextupole magnet. The boundaries of this region
were established primarily by the restrictions im-
posed on the beam emittance and energy spread by
the linac injector. An axial magnetic field of
~215 G was produced in the ionization region by a
cylindrical coil (58 cm mean diameter) which was
mounted coaxially with the atomic beam but with
its center 24 cm downstream from the ionization
region. The dependence of the axial component of
the magnetic field on axial position is shown in fig.
4. The direction of the magnetic field and thus of
the electron polarization could be reversed in <1is
by reversing the current through the cylindrical
coil.

The ionization region was surrounded by axially
symmetric electrodes, as shown in fig. 4, which
served to extract the photoelectrons and form them
into an electron beam. The cathode biased at
—70kV, defined the mean energy of the electron
beam. The repeller electrode prevented photoelec-
trons from leaving the ionization region in the
backward direction. The repeller potential, which
was —77kV, introduced an axial electric field of
~350 V/ecm over the length of the ionization
region. Thus maximum value of AE=15kV
for the full width half maximum energy spread
accepted by the linac injector (see section 1.1)
placed an upper limit of ~4cm on the length of
the ionization region. The axial electric field was
strong enough to overcome any influence of space
charge effects during extraction. The main accelera-
tion of the beam to its 70 keV mean energy occur-
red in the gap between the cathode and the
grounded anode. On the upstream side the repeller
electrode was surrounded by a grounded shield
which controlled the potential in that region and
eliminated possible disturbing influences on the
electron optics by the accumulation of charge on
the vacuum window and the 45° plane mirror. This
shield also prevented uv light from striking the
repeller and cathode, thereby releasing unwanted
background electrons. Representative trajectories of
photoelectrons created in the ionization region as
well as on electrode surfaces are shown in fig. 4,
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together with the potential profile produced by the
electrodes*. As can be seen, background (surface)
photoelectrons were spatially well separated from
the atomic beam photoelectrons and were easily
eliminated from the electron beam by the electron
transport system further downstream from the ion-
ization chamber.

All electrodes were fabricated from stainless steel.
They were designed with rounded edges and
polished consistent with standard high voltage prac-
tice. The electrodes were mounted on a machinable
ceramic structure** which had grooves cut into its
surface to suppress possible surface discharges. The
repeller and cathode potential leads from a 100 kV.
3-pin feedthrough® were insulated with glass tub-
ing to prevent breakdown.

The electron beam transport system was designed
for a source emittance matched to the acceptance of
the linac injector. For an axial magnetic field of
H =25 G at the center of the ionization region and
for values of v’ and v corresponding to 70 keV and
1 eV, respectively, eq. (5) gives a generalized emit-
tance of ¢~ 10mrad cm if p is assumed to be
0.3 cm. Since the radius of the image of the lamp
arc at the ionization region was about 0.37 cm (sec-
tion 3.3.2), and since the halfwidth of the atomic
beam profile at 20% of the maximum intensity was
=0.3cm (see fig. 16b), p could not have been
appreciably larger than 0.3 cm. On the other hand,
since the transmission of the PEGGY beam
through the injector was clearly less than unity (the
observed values averaged ~2/3), and if this decrease
from unity is attributed to the influence of the
radial extent of the source region on the emittance,
then, p could not have been much smaller than
0.3 cm. Consequently the radius of the ionization
region is taken to be p =(0.30+0.15)cm. (The var-
iations of the axial magnetic field and beam veloc-
ity in the ionization region do not significantly af-
fect the uncertainty in p).

The beam was transported through a Scm
diameter tube a distance of about 7m from the
ionization region to the linac injector as shown in
fig. 9. During transport, the beam was confined by a
periodic array of thin solenoidal magnet lenses
spaced at approximately 1 m intervals. The betatron
phase shift per period was 90°; that is, each lens

* The trajectories were calculated with the SLAC Electron

Trajectory Program 85).

** Aremcolox Grade 502-400, manufactured by Aremco Pro-
ducts, Inc., Briar Clift Manor, NY 10510.

* Type 809C5358, manufactured by Ceramaseal, Inc., New
Lebanon Center, NY 12126.

imaged from the previous lens to the following
lens. The gross effects of stray magnetic fields were
cancelled with large compensating coils surrounding
the entire source and the first 4m of the beam
transport system. To compensate for small misal-
ignments and residual stray magnetic fields, steer-
ing coils were placed adjacent to each lens. The
final balance of the electron beam intensities for the
two electron helicities was accomplished by having
independent control of the first few steering coils
for each of the two beam helicities. When the helic-
ity was reversed these coils were switched to a
second set of power supplies and simultaneously
the axial direction of the magnetic field in the first
few lenses was reversed.

PEGGY was installed with its axis parallel to, but
horizonally offset from, the accelerator axis by a
distance of 90 ¢m, in order to prevent the Li atoms
from entering the accelerator and to facilitate effi-
cient radiation shielding by traversing a shielding
wall at an angle. The electron beam was guided
through this offset by two identical 14° air-core
bending-magnets exicted in series and placed one
betatron wavelength apart. Since the second bend
was in the opposite direction to the first, the disper-
sion effect of the first was cancelled provided the
plane of dispersion had no net rotation produced by
the lenses between them. Because a solenoid rotates
the beam and hence the plane of dispersion, it was
necessary to arrange the lens strengths and polari-
ties so that the net rotation was zero; that is, so
that |Bdz vanished between the two bends. In order
to achieve this condition, the beam was transported
between the two bends by three lenses, the first and
third of which where operated in series with field
directions opposed, while the middle lens was
constructed of two identical lenses mounted togeth-
er with their fields in opposition so that this middle
lens assembly was irrotational by itself. Thus the
offset was achromatic (independent of energy) to
first order, a condition required to accommodate a
2% spread in the beam energy. (Nonzero second
order terms remained because the lens focal length
and hence the betatron wavelength depended on
energy.)

A freon-cooled baffle was installed at the first 14°
bend in order to trap and Li atoms which might
scatter past the first bend. Two silicon wafers were
located downstream from the cold trap to monitor
possible Li contamination. The wafers were periodi-
cally removed during accelerator downtimes and
examined for evidence of Li by Auger-spectroscopic
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surface-analysis techniques. An rf cavity located in
the injector and excited to high rf electric fields
provided a Li monitor during accelerator operations.
As a safety feature, a fast valve which was located
between the source and the accelerator injector as
shown in fig. 9, was interlocked to the source pres-
sure gauges. An malfunction in the source resulting
in a very rapid rise in pressure would cause the fast
valve to close, preventing a pressure shock from
entering the accelerator. Likewise, a slow pressure
rise above a preset value would cause two slow
valves to close, isolating the source from the accel-
erator. Detection of electric field breakdowns in the
rf cavity or failure of the rf power supply would
also cause the slow valves to close.

In order to optimize the settings of the lens and
steering coils, beam intensity monitors were in-
stalled at several locations along the transport tube.
The first monitor was a Faraday cup with a down-
stream endflap that could be opened or closed
under vacuum. Since the endflap had to be closed
during a measurement, the Faraday cup did not
provide a continuous beam monitor. Noninterrupting
current measurements were made with toroids
placed before and after each of the two 14° bends.
Additional beam monitors shared by the normal

A
|

unpolarized SLAC gun beam were located in the
injector section. Preliminary tuning of the PEGGY
beam was facilitated by the use of a stainless steel
mesh which could be inserted into the ionization
region while the system was under vacuum. The
electron beam intensity produced by photoemission
from this mesh was typically two orders to magni-
tude larger than that of the polarized beam.
Although the phase space of the two beams
differed slightly, the mesh beam provided an effec-
tive means for determining the initial settings of
electron optical elements.

The first 14° air-core magnet was operated in a
pulsed mode so that individual beam pulses could
be transported selectively either to the injector or
straight ahead to the Mott chamber for online
polarization monitoring. The Mott transport line,
equipped with its own steering and focusing coils,
had a small vertical parallel offset near the entrance
to the Mott chamber, as shown in the elevation of
fig. 9. The offset prevented Li from being deposited
on the Mott scattering foils, kept uv light out of the
Mott chamber, and permitted a 45° plane viewing
mirror to be mounted on the atomic beam axis, so
that beam components could be aligned optically
with the aid of a side mounted telescope.

- TARGET WHEEL B

DETECTOR 1-

. _DETECTOR 2

{

!

SCATTERED BEAM ———— ———_———

INCIDENT BEAM - - ——

TARGET WHEEL of — - -

Fig. 24. Diagram showing the Mott scattering apparatus. The direction of the incident beam is perpendicuiar to the plane of the
figure. Collimators are denoted by a “c¢”. Note that the distance between the two scattering foils is 10cm and the semiconductor
detector surfaces are located 5.2 cm away from the center of the analyzing gold foil.
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3.5. MOTT SCATTERING

The arrangement used in PEGGY to measure the
longitudinal beam polarization at low energy is
shown in fig. 24. The primary beam was first scat-
tered from a thin gold foil mounted on target wheel
& . A series of collimators was then used to form
the electrons scattered under 90° into a secondary
beam. The transverse polarization, P!, of this secon-
dary beam is nearly equal in magnitude to the
original longitudinal polarization. To measure the
transverse polarization, the secondary beam was
scattered from a second thin gold foil which was
mounted on target wheel #. Electrons back-scat-
tered by 120° were detected with two Si surface-
barrier detectors which were placed 180° apart in
azimuthal angle in a vertical plane oriented perpen-
dicular to the incident horizontal beam. Several
gold foils of different thicknesses were mounted on
target wheel & (299, 154 and 79 ugcm~?) as well
as on target wheel # (79, 39 and 24 ugcm~—2).
Each target foil could be brought into position by
rotation under vacuum. This rotation allowed an
adjustment of the scattering rate with wheel & and
an extrapolation of the asymmetries to zero foil-
thickness with wheel 4.

The collimation of the scattered beam was such
that only a small central part (z;@) of the second
foil area was illuminated, whereas the size of the
collimators in front of the detectors allowed each
point on the detecting surface of 8 mm diameter to
view fully a central portion of 3 of the foil area.
Thus a dependence of the measured asymmetries
on the intensity distribution across the scattered
beam, which might change with the steering and
focusing conditions, was avoided. For determining
instrumental asymmetries, the detector positions
could be reversed under vacuum by a rotation of
180° around an axis which coincided with the cent-
er line of the secondary beam path.

Several measures had to be taken to achieve a
clean spectrum of the elastic double-scattering
events, since the ratio of the incident rate to the
double scattered rate was about 10'°. Relatively
large ports (10 cm diameter) located downstream
from the primary and secondary scattering foils,
served as beam dumps for the fraction of electrons
scattered in the forward direction by the foils. The
stainless steel vacuum chamber had linear dimen-
sions of about 30 cm and was lined on the inside
with aluminum sheets in order to suppress the
number of elastic electrons scattered from the
chamber walls. Additional aluminum sheets divided

the chamber into two parts each containing a target
wheel. With crinkled aluminum foil blocking all
slots between the sheets, the leakage of wall-scat-
tered electrons to the area of target wheel # was
effectively reduced. In addition, the wall area which
could be seen directly from the detectors (through
the thin gold foil) was coated with carbon which
served to further suppress the elastic background.

To permit measurement of backgrounds and to
facilitate alignment and testing, an aluminum foil
(675 ugcem=2), a ZnS fluorescent screen, and an
empty foil frame were mounted on target wheel .oz,
in addition to the three gold foils. Target wheel %
on the other hand contained an aluminum foil
(675 ug cm~—2), an open radioactive internal conver-
sion source ('®Cd), and a bare Formvar backing, as
well as the three gold foils. All gold foils had a
diameter of 16 mm and were produced by vacuum
deposition of gold onto Formvar films (=50 ug
cm~?)which had been stretched over frames consist-
ing of thin aluminum rings®).

For each detector the electronics for processing
the signals consisted of a charge sensitive pream-
plifier, a pulse shaping amplifier and a linear time
gate by which signals from various noise sources
outside the time structure of the Mott pulses could
be eliminated. After the time gate, the signals were
routed either through a single channel analyzer to a
dual counter or to a pulse height analyzer. Gating
allowed the detector signals to be recorded separate-
ly for each direction of the beam polarization. The
counters served as an approximate but direct indica-
tion of the polarization. The pulse height spectrum
was transferred to the data processing area where it
was logged on magnetic tape for more precise polar-
ization analysis.

Since PEGGY was operated at a constant pulse
rate of 120 or 180 pps, Mott data were taken with
the electron beam pulses which were not selected
for acceleration to high energy. The steering and
focusing elements used to transport the beam to the
Mott scattering chamber were adjusted so that the
beam was centered on the primary Au foil with
similar shapes for both directions of the beam
polarization.

A representative double-scattering electron spec-
trum is shown in fig. 25. The counts within the
elastic peaks were first corrected for counts of
inelastically scattered electrons. For the extrapola-
tion of the inelastic background into the region of
the elastic peak an exponential energy dependence
was used. Typically, several percent of the counts
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Fig. 25. Mott scattering pulse height spectrum for 70 keV electrons as recorded by a 256 channel pulse height analyzer. Each point
represents the sum of two adjacent channels. The foil thicknesses for wheels ./ and & were 79 and 24 ug cm~2, respectively.

within the elastic peak had to be subtracted for this
kind of background. The counts were further
corrected for elastic two-electron events which
a resolvable peak in the pulse height distribution.
Finally, as the Formvar backing was found to
contribute to the elastic events as much as that of
an equivalent 3 ugcm~? thick gold foil but with
zero analyzing power, an equivalent fraction of
counts was subtracted from the elastic totals. With
the corrected number of counts within the elastic
peak denoted by N/ for detector i/ ((=1 or 2) in
position j (j = 0 or 7) for both the forward and back-
ward directions of the incident longitudinal beam
polarization, instrumental asymmetries are elimi-
nated if the Mott scattering asymmetry is calculated
according to

Ay = (n—1/(n+1) (10)
with
n = [(NINDI(NFINDT?. an

The extrapolation of an asymmetry to its value at
zero foil thickness, 4y (0), is made according to

Ay (D) = Ay (0)e™™, (12)

where ¢ is the foil thickness and « the extrapolation
constant. This constant was experimentally found
to be a=0.0044 cm?/ug, which is in agreement
with values in the literature for this scattering ener-
gy®#). Fig. 26 shows one measurement of &, with
4,, plotted for several foil thicknesses. The trans-
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Fig. 26. Experimental values of the Mott scattering asymmetry,
Ay (D), for the foil thicknesses, ¢, available at the target wheel %.
The error bars represent the statistical uncertainty (one standard
deviation). The extrapolation constant, @. is determined by a
straight line fit to be 0.0044 cm? ug—1.

100
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verse polarization of the scattered beam is then
given by
P, = Au(0)/S. (13)

For an incident electron energy of 70 keV, extra-
polation from  tabulated  values?®) gives
S =0.37+0.02 for the range of scattering angles of
(120+4y. The longitudinal polarization, P,, of the
incident electron beam is found from P! by consi-
dering the change in the polarization vector caused
by a 90° single scattering event ¥%):

P. = (1—-G/I)P,. (14)

For 70 keV incident energy, the tabulated functions
G and 1738 give (1 — G/I) = 0.89. The small fraction
of plural and multiple scattering events within the
foil can be shown®!) to give a negligible correction
to eq. (14).

3.6. ELECTRONIC INSTRUMENTATION

For high energy scattering experiments employ-
ing PEGGY, the helicity of the electron beam was
reversed every 3 min under the control of the on-
line computer at the high energy data processing
area which was connected by a CAMAC serial link
(twisted pair) to the PEGGY area. Furthermore, the
relevant PEGGY operating parameters were moni-
tored with the on-line computer by creating histo-
grams from PEGGY information supplied over the
CAMAC serial link by an analog multiplexer.
Remote actuation of the PEGGY flashlamp, the
70 keV power supply, and the Li oven heaters was
also possible via CAMAC. To facilitate the control
of the PEGGY beam through the linac, a 10-chan-
nel, remotely selectable video link with a band-
width of =5 MHz provided a visual display of the
source electron-beam pulse shape to the linac
control center as well as to the data processing
area.

4. Results and discussion

Since its installation at SLAC in 1974, PEGGY
has amassed more than 3000 h in operating time.
Modification of components, particularly the use of
the larger bore sextupole magnet and the vortex
stabilized flashlamp, and improvements in operating
technique tllave led to an increase in the figure of
merit, P.I.7, by a factor of 4, and to substantially
better long-term reliability of operation. The present
operating characteristics of PEGGY are summarized
in table 3.

4.1. INTENSITY

In its present configuration, with the uv filter in
place, PEGGY is capable of producing an electron
beam intensity averaged over a period of 2-3h of
2.6 x 10° electrons/pulse at 70 keV, as shown in
table 3. The intensity is subject to long term drifts
resulting from gradual changes in both the atomic
beam and flashlamp characteristics. Concommitant
with the slight reduction in uv light intensity after
~2x 107 pulses of lamp operation, there is a grad-
ual increase in the pulse to pulse intensity jitter
which becomes excessive when the tip of the tlash-
lamp anode is worn away to the level of the anode
flow separator (see fig. 19). When the pulse to pulse
jitter exceeded 5%, the flashlamp was replaced.

TABLE 3
Operating characteristics.

Atomic beam

Oven temperature 875°C
Flux at photoionization region 7.0%x 1015 atoms s~ !
fwhm at ionization region 0.3cm
Most probable beam velocity in
ionization region 2% 10% cms !
Number of atoms in photo-
ionization region 10!!
Fraction of atoms photoionized 0.02
Lifetime of Li oven load? 175h
Time to reload Li 43 h
Vortex stabilized Ar flashiamp
Pulse length 1.6 us
Repetition rate® 180 pps
Pulse to pulse intensity variation <5%

Typical lifetime

Electron beam

Intensity ¢ (electron/pulse)
at 70 keV

At GeV energies

2% 107 pulses

(2.0+£0.3)x 10°
2.6 x 109 maximum
0.74+0.14)% 10°
1.1x 10° maximum

Polarization at GeV energies 0.85+0.07
Polarization reversal time <ls
Intensity difference upon

reversal 4 <5%
Overall availability 75%

[~ Y

Lifetime based on an oven load of 750 g Li.

Modulator and flashlamp were usually operated at a repeti-
tion rate of 180 pps with 120 pps injected into the linac and
60 pps used for polarization measurement at low energy.
¢ The values of intensity are averaged over the latest 1000 h
of PEGGY operation. The maximum values are averaged
over shorter periods of 2-~3 h.

The intensity difference can be reduced to <2% by fine
tuning the electron optics.
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During the latest 1000 h of PEGGY operation,
with the uv filter in place, the electron beam inten-
sity at 70 keV averaged 2x 10°electrons/pulse®?).
Approximately 40% of this intensity was trans-
ported through the accelerator and was available for
experiments at GeV energies. During running, the
high-energy intensity was not allowed to exceed a
maximum change of 5% when the polarity of the
beam was reversed at the source. Fine tuning of the
electron optics generally reduced this intensity
difference upon reversal to ~2%.

4.2. POLARIZATION

The value of P, ,,, calculated from eq. (6) is
0.92+0.04. When the depolarizing effects discussed
in section 2.2 are included, the predicted value* of
the photoelectron polarization, P,, is 0.89+0.04.

As has been discussed in sections 2.3 and 3.5, the
polarization of the PEGGY beam was measured
independently at the source energy of 70 keV by
Mott scattering and at GeV energies by Moller scat-
tering?). With the uv filter in place, the Moller
measurement provided a value of
P.=0.85+0.07 **), consistent with the predicted
value of P, and with the prediction that virtually no
depolarization of the longitudinally polarized elec-
tron beam should result from the acceleration
process. (See appendix.) Mott scattering measure-
ments provided a value of P,=0.82+0.08 after
corrections for spin rotation in the primary foil and
multiple and plural scattering effects in the secon-
dary foil, as described in section 3.5. Half of the
uncertainty in the Mott measurement arises from
non-statistical flucuations in P, which are believed
to be caused by changes in the portion of the elec-
tron beam sampled by the polarimeter. The remain-
der of the error includes the uncertainties in §, G
and the extrapolations in foil thickness and back-
ground events. The Mott value of P, is consistent
with both the Moller value and the predicted value.
Small differences between Maller and Mott values
are expected because the Mott polarimeter samples
only a portion of the extracted beam. Since the
acceptance of the Mott transport line is
> 10 mrad cm, a larger radial extent of the ioniza-
tion region is available for sampling. Based upon
fig. 2 it can be seen that deviations between Mott
and Moller measurements of the order of =~0.05 are

* A slightly lower value, 0.847+0.050, was given for the
predicted value of P, in ref. 68 due in part to the use of too
large a radius for the ionization volume in the computer calcu-
lation of the state selection parameter s.

possible. Detailed comparisons of the Mott and
Moller results at this level are precluded, however,
by the present accuracies of the respective measur-
ements.

4.3. AVAILABILITY

Central to the success of any experiment employ-
ing the PEGGY beam is the percentage of the time
the source is available at full intensity. With the
use of the larger (750 g capacity) oven, described in
section 3.2, the lifetime of an oven load was
approximately 175 h. During the last three months
of operation, the oven reloading time averaged
about 43 h ). Thus, with a lamp lifetime of ~31h
and with 3 h required for a lamp change, and with
other downtimes, PEGGY’s overall availability dur-
ing the latest three months of operation exceeded
75%.

4.4. FUTURE DEVELOPMENTS AND APPLICATIONS

The operating characteristics described above in-
dicate that PEGGY is eminently suited to experi-
ments which require intensities ot = 10° electrons/
pulse and high polarization. A GaAs photoemission
source with a high intensity of 10"'-10'2 electrons/
pulse has been developed at SLAC for PNC exper-
iments'®). Despite its many appealing characteris-
tics, the usefulness of the GaAs source in certain
low intensity applications is limited because the
electron beam polarization is 0.3-0.4.

Because of its high polarization, PEGGY is sche-
duled to be used in additional high energy experi-
ments at SLAC with a polarized proton and deute-
ron target. Recent improvements have been made
in the source which are expected to increase the
intensity and the overall availability of PEGGY
without degrading the high polarization. The uv
interference filter has been removed and the 45°
aluminized mirror has been replaced with a new
multilayer dielectric mirror* which reflects selec-
tively in the uv. The optical system is being further
modified with the installation of a higher pressure
Ar compressor for the vortex stabilized flashlamp.
The atomic beam line has also been altered with
the incorporation of active cooling for the first colli-
mator to permit either the operation of the oven at
higher temperatures and/or the use of a larger oven

* Developed by Acton Research Corporation, Acton, MA 01720.
The reflectivity in the useful uv range of 170-230nm is
~85%, while at 670 nm it is ~2%.
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orifice, both of which would otherwise result in
increased heating of the collimator and the conse-
quent backscattering of skimmed atoms into the
beam. (See section 3.2.) Initial tests with the new
45° plane mirror and with the actively cooled colli-
mator have shown that an electron beam intensity
of >5x10° electrons/pulse for an oven temperature
of 900°C is readily achieved at the source without
decreasing the polarization.

A more extensive development of PEGGY to
increase its electron intensity by an order of magni-
tude and to provide rapid pulse to pulse polarization
reversal without affecting the emittance of the elec-
tron beam has been considered®). A two-step
photoionization process through the 2P state using
a tuned laser for the 2S-2P transition and the
PEGGY flashlamp for the 2P-continuum transition
could increase the intensity substantially. Polariza-
tion reversal might be obtained either by optical
pumping of the Li atomic beam with the laser or by
the inducing of radiofrequency transitions between
hfs levels in the ground 2S state with only a small
consequent reduction in polarization.

Many people have contributed to the success of
PEGGY during the long course of its development.
We especially wish to thank H. Kobayakawa, D.
Palmer and N. Sasao for their contributions during
the early days of PEGGY’s operation at SLAC. The
electron optics studies by C. Tu also deserve special
mention. We further wish to single out E. Garwin
and the SLAC Physical Electronics Group for their
important work in developing the vortex stabilized
flashlamp.
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E. Taylor of SLAC and by P. Klette of Universitiit
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Appendix

Electron beam depolarization in the Stanford two-
mile electron accelerator

A.l. INTRODUCTION

The 70keV electron beam emerging from the
polarized electron gun is highly longitudinally polar-
ized. We will consider here the possible depolariza-
tion of this beam as it is accelerated to high ener-
gies in the SLAC accelerator. For our application
we define the depolarization as the decrease in the
component of the electron polarization or spin along
the beam direction. Our principal result is an upper
bound on the depolarization calculated in terms of
known beam parameters as far as is possible.

A.2. POLARIZATION EQUATIONS OF MOTION

For an electron at rest we define the polarization
or spin vector § to be the expectation value of the
spin operator. The equation of spin motion?!A2)
is.
dS/dt = uygS x B. (rest frame) (A1)
in which u,= electron Bohr magneton, g = electron
gyromagnetic ratio=2(14+a) where a= electron
anomalous g-value, and B = magnetic field in elec-
tron rest frame.

In the laboratory frame of reference where the
electron velocity is v, the orbital and spin equations
of motion are:

dp/dt = e[E+(vx B)/c], (A.2)
as _ o ¢ _a=h a7y
= X mer |:(1+ya)B peannl) vB

(Ti—y+ a>vxE] (laboratory frame) (A.3)
in which § is the spin vector in the electron rest
frame, and all other quantities refer to the laborato-
ry frame. We note from eq. (A.3) that an electric
field along the direction of motion will not change
the polarization vector and also that under the
influence of general external electric and magnetic
fields the polarization vector can change in direction
but not in magnitude. However, if the electron
beam has a finite extent, different particles will
have different orbits in different fields and hence
the polarization vector averaged over the whole
beam can change in both magnitude and direc-
tion.

We shall be interested in only the longitudinal

polarization which can be described by the angle
between the polarization and momentum vectors.
Define two unit vectors / and A such that / is in the
direction of the momentum and # is normal to /
and in the plane of I and the polarization §. Then
we have

S =S(Icosf + Asinh), (A.4)

where 6 is the angle between § and [. If this expres-
sion is substituted into eq. (A.3), the following
equation for 6 is obtained:
dé e

a
5 = g (A E+ Bl Bx i) —

eg

A5
amepy W E (B

The change 4 in the angle during the particle
orbit is

4= Jdt(dfﬁdz):rnijdz (;‘;‘tﬂr%ls)

=A,+4,.
The associated depolarization is D = 1-cos 4.

(A.6)

A.3. DEPOLARIZATION CALCULATION

Calculation of the first term in eq. (A.6), which
we call 4, since it is proportional to the anomalous
g-factor a, requires no knowledge of the electromag-
netic fields seen by the particle. It may be bounded
as follows:

a Pr
IAII‘ < m(lAprl + )J‘ dez >
max 7, DY
< mef (]Ap,l + p* In B 0) (A7)

in which z is along the axial direction of the accel-
erator and r is in the radial direction. For SLAC 45)
with an injection energy of 70 keV and a final ener-
gy of 20GeV, B..=8,=05 7,=1.16 and
y=4x10* The maximum radial momentum for
particles in the beam is about pM™*=0.5 MeV/c or
0.3mc and the maximum change in the radial
momentum Adp™* is twice this value. Hence we
obtain

4, < 9x1073 (A.8)
which corresponds to D=4x10-°, a negligibly
small depolarization.

The second term in eq. (A.6), which we will call
4., depends on the component of the electric field
normal to the momentum. We may bound this
term as follows

4y =4[ 4L S s, 49)
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where « is the maximum angle between the
momentum and the electric field vectors and 7 is
the integral

7=hd(ﬁ)’) 1 yo—1y, +1
I(V,y)=( — =~In . (A.10
DI VB 2 Ly (4.10)

If @z and a, are the maximum angles that the
electric field and momentum vectors form with
respect to the optical axis then we have approxi-
mately

(A.11)

This follows from the linearity of the motion and
the assumption that the radial electric field varies
linearly with radial coordinate r. The approximate
expression for a; is given by

a = (af+o3)'/?.

sin o :%:%sinqﬁ. (A.12)
where u is the phase velocity in the microwave
cavities, w is the angular frequency of the acceler-
ating field and ¢ is the particle phase (zero phase
corresponds to maximum acceleration). For the
SLAC accelerator we have w/c=0.6cm~'.

The acceleration process can be considered in two
parts. The first involves the low energy unbunched
motion occurring in the prebuncher, buncher and
approximately the first 10cm of the accelerator
section of the injector. The second part involves
the high energy bunched motion in the remainder
of the injector and in the main accelerator. We
consider the high energy part first. Here y increases
from about 3.5 to its final ultrarelativistic value.
The relevant energy dependent factor is
1(3.5, «)=0.294. For the maximum transverse
momentum we may take p, <0.3mc (0.15 MeV/¢).
The minimum momentum in this region is
p = mcfy = 3.35 mc. Therefore o, = P,/p = 0.090. To
obtain a; we use the facts that the phase velocity is
the speed of light, the beam radius is less than
0.5cm, the phase ¢ is less than 5°, and w/
¢=0.6cm~'. This gives a=0.013, and thus from
eq. (A.11) «=0.091. Hence from eq. (A.9) the
contribution to |4/ from the high energy portion is
only 0.027, which corresponds to a depolarization of
D=36x10"4

In the low energy region the energy dependent
factor is 1(1.16, 3.5) = 1.00. The transverse momen-
tum in this region is limited to p,<0.05mc
(0.026 MeV/c) so that «, = 0.086. Because the beam
is unbunched we cannot set a small bound on sin 8
and we set it equal to unity. Using the buncher

value of the phase velocity ¥ =0.75¢ and a beam
radius of 0.5 cm we obtain a; = 0.20. In the micro-
wave coupler cavities eq. (A.12) is not exactly true
because there is a slight azimuthal asymmetry but
this does not significantly affect our estimate of ap.
We have then a=0218, and hence |4,/=0.218.
Adding the low and high energy contributions
together gives

4] = |4,] < 0.245

which
Ix10-2

Calculations of the depolarization have also been
made in terms of the estimated electromagnetic
fields seen by the electron®*). This approach leads
to smaller values for the depolarization because it
takes into account more of the correlations between
the orbit motion and the fields. The approximations
made, however, are such that the bound obtained
by this calculation is not reliable.

(A.13)

corresponds to a depolarization D of

A.4. DiscussioN

We have estimated for the SLAC accelerator an
upper bound to the change 4 in the angle between
the polarization and momentum vectors based on
known beam parameters and including extreme
electron trajectories. Averaged over the whole beam
the corresponding average depolarization in acceler-
ation from 70keV to 20GeV will be less than
Ix10-2

The angle 4 has been written as the sum of two
parts, 4, and 4,. The calculation of the purely
anomalous part 4, does not require knowledge of
the fields seen by the particle but only of the maxi-
mum transverse momentum in the beam and of
the initial and final energies. This term is small
because a is small and the electrons are injected at
a relativistic velocity of f=0.5. The term 4, is
proportional to g and the component of the electric
field normal to the momentum. This term corres-
ponds to the nonrelativistic effect in which the
electric field changes the direction of the momen-
tum but not of the spin. [The gyromagnetic ratio g
enters only because part of this effect is contained
in 4,. See eq. (A.5).] Only the low energy region in
which the bunching process takes place is important
for this term. Because of the energy dependence of
this term the bound obtained on the depolarization
is small even though the beam transverse emittance
grows downstream of the injector.

This work has been completed in part due to
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contributions by R. Helm. We are also indebted to Lett. 2 (1959) 435.

unpublished works on this problem by W. K. H. ALy R. Hagedorn, Relativistic kinematics (W. A. Benjamin, New
‘ ; York, 1963) ch. 9.

Panofsky and E. M. McMillan. A3) The Stanford two-mile accelerator (ed. R.B. Neal; W. A.
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