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PHYSIC WITH POLARIZED PARTICLES

V. W. Hughes

Yale University, New Haven, Connecticut {(USA)

A - INTRODUCTION: INFORMATION FROM STU-
DIES WITH POLARIZED PARTICLES

I shall try to review the status of high energy
physics with polarized particles. Physics experi-
ments at high energies with polarized particles
are beginning to be done. Targets of polarized
protons have been used in studies of pion-proton
and proton-proton scattering and there are expe-
riments in progress to determine the parities of
elementary particles. As yet accelerated beams
of polarized particles have not been used in high
omergy - experiments,. but many nuclear physics
experiments have been done with polarized
beams from lower energy accelerators (1, 2).

Some of the types of information available from
ctudies with polarized particles are indicated in
Table ‘I. There has been relatively little theo-
retical discussion of polarization phenomena in
high energy physics, presumably largely due to
the scarcity of experimental information.

As regards the symmetries and general proper-
ties of inferactions, it is well known that spin
polarization plays an important role in the study
of the invariance properties of interactions. An
interaction term of the form &-p indicates vio-
lation of parity conservation, in which @ is the
spin or intrinsic angular momentum operator
and P is the linear momentum operator (3).
At present the primary evidence on parity con-
servation in the strong interactions comes from
low energy nuclear physics experiments, princi-
pally from studies of the electromagnetic decays
of excited nuclear states (4) but also from a
nuclear - reaction experiment using a polarized
deuteron beam (5).

Time reversal invariance in the strong inte-
ractions can be tested by comparing the pola-
rization, P, of the recoil proton produced in the
elastic ‘scattering of unpolarized protons from
a target of unpolarized protons with the left-
right asymmetry, P’, produced in the elastic scat-
tering of unpolarized protons from a target of po-
larized protons. If both of these scattering expe-
riments are performed at the same energy and
scattering angle, time reversal invariance requi-

res (6) that P=P. A significant experiment
based on this principle has been performed (7)
for protons in the energy range of 140 to 210
MeV. Te equality in differential cross section
of a reaction and of the inverse reaction for
more complex nuclear reactions, such as
o + C* s N" 4 d, also can serve as a test of time
reversal invariance, and indeed several of the
most sensitive tests for T invariance come from
such studies done in the 10 to 40 MeV range (8).

Tests of the general properties of scattering
amplitudes such as dispersion relations and asym-
ptotic high energy limits generally require in
principle that the spin dependent part of the
scattering amplitude be known (9, 10). For the
description of the elastic scattering of a spin 0
particle by a spin 1/2 particle, under the as.
sumptions of space reflection invariance and
time reversal invariance, two invariant complex

TABLE |

Types of information from studies with polarized particles

I. Symmetries and General Properties of Interactions
1. P. invariance
2. T invariance
8. Tests of dispersion relations

4. Asymptotic high energy limits of scattering ampli-
tudes.

I1. Specific spin dependence of particle interactions
1. Complete determination of scattering matrices
a) Elastic
b) Inelastic
2. Nucleon-nucleon interaction
. Pion-nucleon interaction
4. Electron-proton and electron-deuteron scattering

a) Validity of Rosenbluth formula

b) Spin-flip pion production cross section in hy-
rogen

¢) Deuteron electric quadrupole form factor

5. Photodisintegration (deuteron)

<]

ITI. Properties of particles or resonant states
1. Spin
2. Parity
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amplitudes are needed, one of which involves the
spin operator, For the description of the scat-
tering of two identical spin 1/2 particles, five
complex amplitudes are needed, three of which
involve the spin operators. For small angle scat-
tering the elastic scattering of a spin zero par-
ticle by a spin 1/2 particcle can probably be
approximated well with a single spin indepen-
dent complex amplitude, but for the elastic scat-
tering of two identical spin 1/ particles no
such approximation is justified. Hence in ge-
neral, since spin dependent amplitudes, where
measured, are of appreciable magnitude, it is
clear that a knowledge of these amplitudes will
be required for critical tests of the general pro
perties of scattering amplitudes.

The complete determination of scattering ma-
trices requires experiments with polarized parti-
cles. With the assumptions of space reflection
invariance and time reversal invariance the scat-
tering matrix for an elastic collision between a
spin 0 and a spin 1/2 particle in the barycentric
system can be written (9):

TK, K, 0) = T+ ig o - K X Ky
in wich & is the Pauli spin operator, K is
the three momentum of the incident particle, K:
is the final momentum and 1 is a unit 2 x2
matrix. The functions f and g may be complex
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Fig. 1 - Energy level diagram for hydrogen in a magneric
field H, obtained from the Breit-Rabi equation:
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AW is the zero field hfs separation between the states
F:|+1/2 and F=l'—1,/2 [AW=WI+1/2(H=0]—

— Wi_i2 (H =0) ];

x = (gr — a1) o H/AW; ¢; and g: are the electronic and
nuclear g-values in units in which g; = 2; y, = Bohr ma-
gneton. For hydrogen, J=1/2, 1 =1/2, AW/h = Av =
14204 Mc/s, gy = 2.002, g = — 0.0030. The levels are
designated by both their weak field quantum numbers
(F.,m) and their strong field quantum numbers (m;, mi).
For convenience of the discussion the four levels are
designated by the numbers 1, 2, 3, and 4.

and are functions of energy and scattering angle.
Since a simple scattering experiment to measure
the differential scattering cross section, do/dQ,
can only determine one relation between these
functions, experiments with polarized beams or
targets are required to provide the additional
relationships needed for the complete determina-
tion of the scattering matrix, The most common
example for the spin 0 particle and spin 1/2
particle system is the pion-proton system.
Analogously, with the assumptions of space re-
flection invariance and time reversal invariance
the scattering matrix for an elastic collision bet
ween two identical spin 1/2 particles (e.g. pro-
ton-proton scattering) can be written:

TX.K 01,00 = & + B@ - i) @ - ) + iy(@ + ) - &
, +8(0) - @) (0 @) + e (@ D (o I
in which
—_ I,\{ + ﬁf f(—— f(f " 12. X ﬁf
l = ., m = . 0=
2 cos (8/2) 2 sin 0/2 sin ©
where 0 is the angle between K and K: The
quantitaties «, 8, v, 8, € are complex functions of
energy and scattering angle.

In the energy range up to the threshold for
pion production there has been extensive expe-
rimental and theoretical work on proton-pro-
ton and proton-neutron scattering (here noniden-
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Fig. 2 - The magnetic moments of the magnetic suble-
vels of the hfs states of hydrogen with J =1/2 and
| = 1/2 as a function of magnetic field H, obtained from
the equation:

Hp =gy 1/3,m 1 8W1=,m
o W 9H
x/2 + m/(2] + 1)
=— gim * (gl - 91)
[1+ 4mx/ (2] + 1} + x*]'”
for m=1—-1/2, 1-3/2,..... ,— (1 —1/2).
S I+ 1/2an = = (I + 1/2)

=g (@/2 + g:1)

Ho
The levels are designated by both their weak field quan-
tum numbers (F,m) and their strong field quantum num-
bers (m;, m;}.
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tical particles are involved and six complex func-
tions are needed) to determine the phase shifts
which define the scattering matrix (11). Double
and triple scattering experiments which deter-
mine polarization and spin correlation functions
have been performed and analyzed. At higher
energies up to the multi-BeV range measurements
of total cross sections, differential cross sections,
and of a polarization parameter have been ma-
de (12). Although the results suggest that the
principal scattering amplitude has an apprecia-
ble real part, which is a point of considerable

Fig. 3 - Field and potential lines for a magnetic field
which varies as the square of the distance from the
axis. Field lines are dashed (— ———); potential lines
are solid (—); axis is through the geometrical center
of diagram perpendicular to figure. The force on an
atom acts in the radial direction.

interest, lack of information about the spin de-
pendent amplitudes leaves the matter somewhat
ambiguous (10).

The scattering matrices for inelastic processes
will, of course, also involve spin dependent fun-
ctions. Very little work at high energies has
yet been done on these more complicated pro-
blems. ’

For elastic: electron-proton scattering the use
of polarized electrons in conjunction with a po-
larized proton target or with a measurement

of the polarization of the recoil proton or scat-

tered electron would allow determinations of
different combinations of the Dirac and Pauli
form factors than are determined in elastic scat-
tering with unpolarized particles and would also
permit a test of the validity of the Rosenbluth
formula (13).

For elastic scattering the use of a polarized
electron beam together with a polarized deute-
ron target would allow a separate determina-
tion of the charge, quadropole and magnetic
form factors (14). More generally the combina-
tion of a polarized electron beam and a polarized
nuclear target would allow the determination of
nuclear quadrupole form factors.

Inelastic single pion production in the spin-lip
scattering of polarized electrons by polarized

protons would be a very difficult experiment, bui
it might elucidate (15) the outstanding discre-
pancy between the experimental and theoretical
values of the hyperfine structure interval for
hydrogen (16).

The study of the photodisintegration of the
deuteron using polarized deuteron targets, and
possibly circularly polarized bremsstrahlung,
would aid in the determination of the proton-
neutron interaction (17).

The parities of strange particles may be de-
termined from the leftright asymmetry in pro-
duction reactions involving polarized proton tar-
gets, Thus a study of the reactions

T+ p—o>A°+K°
Tt +p—> Xt + K

can yield the relative parities or the A and X par-
ticles (18). An experiment using a polarized pro-
ton target has been proposed to test the parity
of the Q@ particle (19).

Through measurements of the differential cross
sections and polarization parameters for scatter-
ing at energies in the neighborhood of resonant
states the spins of these resonant states may be
determined (20).

In bremsstrahlung longitudinally polarized
electrons will produce circularly polarized gam-
ma rays, which in turn might be used in a pho-
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Fig. 4 - Schematic diagram of polarized ion source.

toproduction experiment with a polarized pro-
ton target to measure the spins and parities of
resonant states by observing the angular distri-
bution of the decay products (21).

B - POLARIZED BEAMS

1. Source of polarized nuclei

Although no high energy experiment has yet
been done with an accelerated beam of polarized
particles, sources of polarized protons, deute-
rons and electrons are now available, and acce:
leration of polarized particles to high energies
should be possible. Many experiments in nu-
clear physics have been done with accelerated
beams of polarized protons and deuterons using
electrostatic accelerators (both single-ended aad
tandem), cyclotrons, and linear accelerators (1,
2, 22). The highest energy accelerated beams
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Fig. 5 - Energy level diagram for deuterium in a magnetic
field H, obtained from the Breit-Rabi equation as given
in caption to Fig. 1. For deuterium, J=1/2, 1=1,
Av = 327.38 Mc/s, ;= 2.002, and g; = — 0.00047.

Further description is the same as for Fig. 1. The six le-
vels are designated by the numbers 1, 2, 3, 4, 5, and 6.

used thus far are 50 to 60 MeV and they have
been obtained with proton linear accelerators.

Successful sources have all been based on ato-
mic beam techniques (23). Polarized atoms of ther-
mal velocity are selected by deflection in a sta-
tic inhomogeneous magnetic field (Stern-Gerlach
effect). Higher nuclear polarization for the atoms
can then be obtained by the use of an f.r. transi-
tion (24, 25). The polarized atoms are ionized
by electron bombardment to yield polarized nu-
clei which can serve as the jon source for an
accelerator.

A more detailed discussion of the technique is
now given for a polarized proton source. The
energy level diagram (26) for the ground state
of the hydrogen atom in a magnetic field is shown
in Fig. 1. At zero magnetic field there are the
two hyperfine structure levels corresponding to
values of the total angular momentum quantum
number, F, equal to 1 (triplet state) and 0 (sin-
glet state). In the presence of a magnetic field H
the three degenerate magnetic sublevels of the
F=1 state (m=+1, 0, —1 are split by the
Zeeman effect. At strong magnetic fields, where
the interaction of the external magnetic field with
the electronic magnetic moment is large compared
to the hyperfine structure interaction, the atomic
energy levels are described by the strong field
quantum numbers ms, the electronic magnetic
quantum number, and nn, the proton magnetic
quantum number. The atomic magnetic moments
of the four hyperfine structure states as a function
of magnetic field are shown in Fig. 2. At strong
fields the two states with m; = — 1/2 have a ma-
gnetic moment of + ., the Bohr magneton, whe-
reas the two states with m: = + 1/2 have a ma-
gnetic moment of — .
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Fig. 6 - The magnetic moments of the magnetic sublevels
of the hfs states of deuterium with J =1/2, and | =1
as a function of magnetic field H, obtained from the
equations given in the caption to Fig. 2. Further descrip-
tion is the same as for Fig. 2.

The selection of atoms in the two states with
m; = + 1/2 is done by deflection in a strong
inhomogeneous static magnetic field. Usually a
six-pole magnetic field is employed, with the
field configuration shown in Fig. 3. An atom
experiences a force in a magnetic field given by

9w am. W

JdH

—_ﬁ:

9H aT

in which W (H) is the energy of the atom. For
a six-pole magnet the magnitude of the field
is given by

H = H, (r/a)

in which r is the radial distance from the axis in
cylindrical coordinates, a is the radial distance
to a pole tip, and H. is the field at the pole tip.
Hence the force will be

2H, -
pr.

F=
al

An atom with a negative atomic magnetic mo-
ment ¢ will execute simple harmonic motion and
be transmitted through the magnet. On the other
hand, an atom with a positive atomic magnetic
moment will experience a force which is directed
radially outward and will strike the poles of
the magnet. The efficiency of the magnet in- trans-
mitting only atoms with m:= + 1/2 is easily
made greater than 95% if the magnet is suffi-

ciently long.
The nuclear (proton) polarization, P = < I. > /I,
of a beam having equal populations in states 1
and 2 will be zero at strong field and 1/2 at zero
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field. Hence if the beam from the six-pole field
enters an ionization region having a weak ma-
gnetic field and if the atoms change adiabati-
cally from their high field states to the cor-
responding low field states, as usually occurs
in practice because of the low velocity of the
atoms, then ionization of the beam will lead
te a proton polarization of about 1/2.

A radiofrequency transition can be used to
increase the polarization of the protons either
by the adiabatic passage method (24) or by a
simple induced transition which is commonly
employed in atomic beam radiofrequency spec-
troscopy (25, 26). With either method a transi-
tion of atoms from state 2 to state 4 can be achie-
ved (See Fig. 1). The adiabatic method has the
advantage that all atoms in state 2 can be trans-
ferred to state 4, whereas the simple induced
transition can transfer at most a fraction 0,76
of the atoms due to the velocity distribution in
the atomic beam. On the other hand, smaller
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Fig. 7 - Energy diagram of the hyperfine structure levels
of the ground state of potassium in a magnetic field.
W = energy in units of the hyperfine structure splitting
AW; x = (gy — g0 po H/AW in which gr and g: are the
electron and nuclear g-factors, u, is the Bohr magneton,
and H is the magnetic field. (F.ms) are the weak field
quantum numbers for total atomic angular momentum
and its z component and {m,, m;) are the strong field
quantum numbers for the z components 6f electronic
and nuclear spins.

radiofrequency power is required with the simple
induced transition.

The principle of adiabatic passage allows for
the complete reversal in direction of a magne-
tic moment by a method which involves swee-
ping slowly the value of a quasi-static magnetic
field in the presence of a radiofrequency field
through the resonance value (27). If the rate
of change of the quasi-static magnetic field is
slow enough to satisfy the adiabatic condition,
and if the magnitude of the change is large compa-
red to the resonance line width, then a complete
reversal in direction of the magnetic moment is
achieved. Specifically (24), consider that atoms
in the state 2 are to be transferred to the state 4.

The quasi-static magnetic field is designated H.{(t)
and is the field seen by an atom moving through
a region in which the field varies with position.
The radiofrequency field is Hicoswt and is pa-
rallel to H.. The resonance condition is w = (E. —
— EJ/h. The adiabatic condition requires that
the quasi-static magnetic field H. should vary
monotonically in space along the atom’s trajec-
tory from a value below resonance to a value
above resonance so that

d (E:—E)

A (Ez - EA) dx 2
= < ll:' H; /h
dt + h Ax dt

in which A(E: — E¢) = A w(H, (out)) — hw(H. (in))
where H. (in) and H.(out) are the static magnetic
field values at the entrance and exit points of the
atom for the r.f. region, dx/dt is the atom velocity,
Ax is the length of the r.f, region traversed by
the atom, and p is the Bohr magneton. The
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Fig. 8 - Electronic polarization, f(H), of potassium ver-
sus magnetic field for the group of saes having m; =
= 4 1/2 in a strong magnetic field.

total change in H. over the region must be such
that

A = A (E1— EL)/h > (JmH/h

is satisfied. Typical values are H.= 1000 G,
H. (out) — Ho{in) =10 G, f = w/27n = 3000 Mc/sec,
Ax = 3cm, dx/dt = 3 X 10°cm/sec, and Hi=1 G.
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Under this condition of strong H, field atoms in
states | and 4 will have a proton polarization
close to 1. JIonization can then be accomplished
in the relatively high magnetic field of 1000 G
which facilitates the design of an electron gun
with a high electron current and hence high
ionization efficiency. Transitions can also be in-
duced by the adiabatic method under weak field
conditions and ionization can be accomplished
in a strong magnetic field.

Transitions of atoms from the state 2 to the
state; 4 can also be induced by a simple resonance
transition (26) in a homogeneous field H. and a
radiofrequency field Hip cos wt where w = (E: —
E:.)/h and p.H.AT = h/4. If the time AT spent in
the rf. region is 10~ sec, H: is approximately
0.01 G and hence considerably smaller than the
value required in the adiabatic method. Howe-
ver, the requirements on stability of the fre-
quency and amplitude of the r.f. field are more
stringent for the simple induced transition. Un-
der a strong H. field condition the proton pola-
rization after the resonance transition will be 0.76.

A schematic diagram of a polarized ion source
is shown in Fig. 4. The principal operating pa-
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Fig. 9 - Schematic diagram of the polarized electron
source and the arrangements for measuring current and
polarization (not to scale).

rameters of a polarized proton ion source which
represent the current state of the art are given
in Table II.

The design of a polarized deuteron source is
essentially the same as that of a polarized pro-
ton source. The energy level diagram for a deu-
terium atom in a magnetic field and the magnetic
moments of the hyperfine states of deuterium
are shown in Figs, 5 and 6, respectively. Because
the spin of the deuteron is 1 a polarization tensor
of 2nd rank must be considered (28). Without
the use of an r.f. transition the value for the
polarization tensor component P; = P; of 0.30 can
be achieved. With the use of a radiofrequency
transition by the adiabatic passage method from
state 3 to 6 the value for P can be increased
to 0.60. The same beam intensities can be achie-
ved as for proton sources.
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Fig. 10 - Energy level diagram for system of a parama-
gnetic center weakly coupled to a neighboring rucleus
in an external magnetic field. The frequencies quoted are
those appropriate for producing dynamic proton pola-
rization in a lanthanum magnesium nitrate crystal with
neodymium doping in a field of 8.1 kG.

A polarized ion source of He® can also be ob-
tained by the atomic beam method. In its
ground state the helium atom is in a 'S. state
and hence the electronic magnetic moment is zero.
For He’ the nuclear spin I is 1/2. Deflection in
the inhomogeneous magnetic field is achieved
through the force on the nuclear magnetic mo-
ment. The nuclear polarization of the selected
He' atoms will be close to 1. No polarized He’
source has yet been reported but its intensity
may be expected (29) to be of the same order of
magnitude as that of polarized proton sources
despite the smallness of a nuclear moment com-
pared to an atomic moment because of the pos-
possibility of using a very low temperature beam
of He’ atoms.

It has recently been observed that quite high

TABLE II

Intensity of polarized proton ion source

Flux from oven source (1200 capillaries
each 2 mm in length and = 0.13 mm
inside diameter; pressure =~ 0.2 mm
of Hg) 10” sec

Fraction of atoms in m; = +1/2 states
accepted and transmited by magnet 22x10°3

Fraction of atoms in m; = +/2 states 0.5

Flux of polarized atoms to ionizer (after
r.f. transition region)

Tonization efficiency 3x10-?

Flux of polarized protons 3x10% sec (BuA)

Polarization 0.95

110" sec
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intensities of hydrogen atoms in the 2S5 meta-
stable state can be formed in the reaction H* +
+ Cs - H(2S) + Cs* for incident proton energies
of about 1 keV (30). Since polarization of 28
hydrogen atoms can be accomplished with static
and radiofrequency fields (31), such beams might
prove useful in the future for polarized ion sour-
ces (2).

For use in a high energy accelerator a pulsed
source of polarized ions is required. Inherently
the atomic beam polarized ion sources are con-
tinuous sources, so the time average beam inten-
sity for injection into a high energy accelerator
is less than the source intensity by the accep
tance duty factor of the accelerator. Thus, for
example, if we consider the present operating
conditions of the AGS at the Brookhaven Natio-
nal Laboratory, the injection time for five turn
injection is 40 psec and the repetition rate of
the accelerator is 0.4/sec. Hence the duty factor
is 1.7 X 10”. In addition we must consider the
matching of the emittance of the polarized ion
source to the acceptance of the proton linear
accelerator injector and the effective phase ac-
ceptance factor of the linear accelerator. The
matching factor can be taken equal to 1 and the
phase acceptance factor can be taken as 0.5.
Hence the overall reduction factor in intensity
for the AGS is 0.8 X 10, Hence if the polarized
ion source has a continuous intensity of 5pA as
indicated in Table II, the polarized proton inten-
sity from the AGS will be 1.2 X 10° protons per
pulse.

2. 'Acceleration of polarized particles (32)

Loss of polarization of a charged particle can
occur in the acceleration process due to magne-

-—
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Ditfusion pump

Liquid hefium
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vacuum jacket

Copper radiction
shield

Mylar flask

Mylar window

Fig. 11 - Cryostat used to maintain Berkeley polarized
proton target at 1.2 °K.

tic forces on the spin magnetic moment of the
particle. The equation of motion of the spin
vector ¢ of a charged particle in a magnetic
field in the laboratory coordinate system can
be written in the form (33):

(s — .
77777 - = 7 %{(1+7G)B +(I+G) B,
dt mecy

in which o is the spin vector, v is the ratio of
the particle energy to its rest energy m.c’, € is the
particle’s charge, B,, B. are the components
of the magnetic field which are perpendicular
and parallel to the particle’s velocity, t is the
time, and G = (g/2) — 1 is the anomalous magnetic
moment coefficient. The appearance of y indi
cates that the ratio of the spin precession fre
quency to the cyclotron frequency is anisotropic,
i. e., depends upon the relative orientation of the
magnetic field and the particle’s velocity. Fo1
transverse fields the ratio increases with in-
creasing energy, and this implies that at va-
rious energies the frequency of spin precession
equals the frequency of some component of a
depolarizing field, and when that occurs, wec
may obtain resonant depolarization.

Proton linear accelerators of the Alvarez type
have been successfully used to accelerate longi-
tudinally or transversely polarized protons to
energies of about 60 MeV without appreciable
loss in polarization (22, 34). It is expected that
acceleration to higher energies in linear accele-
rators will also maintain the proton polarization,
although explicit calculations of depolarization
in high energy linear accelerators have not been
published.

For circular accelerators the protons are cons-
trained to move in circles by a primary magnetic
guide field and are subjected to perturbing fields
associated with field-free straight sections radio-
frequency acceleration, magnet imperfections, and
the betatron oscillations (principally the vertical
one) of the protons. Resonances for spin motion
occur when

YG=kP*v (intrinsic}

vG=k (imperfection)

in which k =an integer, P = number of identi-
cal periods in the magnet structure and v is the
vertical betatron oscillation frequency in units
of the cyclotron frequency. The so-called intrin-
sic resonances are associated with vertical free
oscillations about the equilibrium orbit and the
imperfection resonances are associated with ver-
tical displacements of the equilibrium orbit due
to magnet imperfections.
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The orbit dynamics of the particular accele-
rator determines the. relative importance of the
different possible resonances. In a cyclotron or a
synchrotron without. straight sections, P is infi-
nite so that only the imperfection resonances
occur. The resonance with k= 2 occurs at 110
MeV and may lead to. depolarization if the se-
cond harmonic component of the magnetic field
in the mediant plane is not small (35, 36). In
sector-focused cyclotrons the intrinsic resonan
ces are the principal ones (37), since P is finite
‘and in practice may have the values 3, 4, 6, or 8.
In weak-focusing synchrotrons the intrinsic reso-
nances YG=P +v are most troublesome. In
strong-focusing synchrotrons such as the AGS at

the Brookhaven National Laboratory, the prin-
cipal resonance occurs at Yy G=w.

The energies at which the principal resonances
occur for some existing high energy accelerators
are given in Table III. The strength of a reso-
nance depends on the rate of acceleration and
on ‘the amplitude of the betatron oscillations; so.
that high acceleration rates and well-collimated
beams favor acceleration without depolarization.
Schemes to avoid resonant depolarization can
be imagined; for example, additional magnets
along the orbit might be used to change the
betatron frequency rapidly as each resopance is
approached.

FROM MICROWAVE OSCILLATOR

Fig. 12 - Diagram of Ruther-
ford polarized proton target.
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3. Sources of polarized electrons

A source of polarized electrons based on the
atomic beam technique and involving the photo-
ionization of polarized alkali atoms has recently
been developed (38, 39). The energy level dia-
gram for the ground state of potassium in a
magnetic field is shown in Fig. 7. Atoms with
the electronic magnetic quantum number m;, =
=+ 1/2 are selected by deflection in a strong
inhomogeneus magnetic field provided by a six-
pole magnet. The selected atoms having an elec-
tron polarization P. close to unity enter the pho-
toionization region where there is a weaker ma-
gnetic field H along the axis of propagation.
They change adiabatically into the states charac-
teristic of H for which the electronic polariza-
tion P is smaller than P. due to the hfs coupling
of the electronic spin and the nuclear spin I:

P = P. f(H)

The quantity f(H) is given in Fig. 8, and is plot-
ted for K*¥ and Li’.  Photoionization is predomi-
nantly an electric dipole transition and hence the
polarization of the photoelectrons should be
equal to the electronic polarization P of the
atoms. Potassium was chosen as the alkali atom
because of its relatively small hfs interaction
and relatively low photoionization threshold
energy corresponding to A = 2856 A.

A schematic diagram of the polarized electron
source and of the Mott scattering apparatus
used to measure the electron polarization is
shown in Fig. 9. The inhomogeneous magnetic
field is provided by a six-pole magnet and the
light source is a high pressure mercury arc. Pho-
toionization occurs in the region between two
cylindrical electrodes with a small bias voltage
between them suitable for electron extraction
and with the electrodes at about — 120kV, in
order that the analysis of the electron polariza-
tion can be made by the Mott scattering method.
The axial magnetic field is 90G. For measure-

TABLE Il
Conditions for resonant depolarization
Accelerator ¥ G E (kinetic)

BeV

Cosmotron or Saturne 4—v =32 0.74
44+v=2388 11
Princeton-Penn 8—v=171 2.8
Argonne (ZGS) 8—v="171 2.8
8+v=289 3.8

Brookhaven AGS 12 —v =325 0.76
v =875 3.6
CERN PS 10—v =375 1.0
v =625 23

ment of the electron polarization the electron
beam is passed through a 112° cylindrical elec-
trostatic deflector, which converts the longitu-
dinal polarization into a transverse polarization,
and then scattered in a gold foil.

A value for the electron polarization P of
0.58 +0.03 was measured, in good agreement
with the expected polarization for H=90G of
P=P.f(H)=(0.96){0.58) = 0.56. The current
was ~ 107" A or 6 x 10°sec. The operating charac-
teristics are given in Table IV. Both the elec-
tron polarization and current do not represent
the ultimate capacities of this method. An elec-
tron polarization of at least 0.9 can be expected
with higher magnetic fields and increase in the
photoionization efficiency, which should be pos-
sible, will increase the current.

We now give estimates (Table V) on a pulsed
source of polarized electrons for a high energy
electron linear accelerator (specifically we con-
sider the Stanford Mark IIT 1 BeV electron li-
near accelerator). The use of a lithium atomic
beam appears promising. The photoionization
cross section for lithium is about 200 times
greater than that of potassium and although the
threshold wavelength for photoionization is lower
(2300 A), under pulsed operation the high pres-
sure spark provides a flash lamp of high radiance
in the wavelength range from 2300 A to 1800 A
(the lower limit of quartz optics). The isotope
Li* has a small hfs interval Av = 228 Mc/sec and
hence an ionizing field of 200 G results in an elec-
tron polarization of 0.95. Table V indicates the
conditions for photoionization and the resulting
current of polarized electrons.

Electron beams with a polarization of 0.8 have
been produced by scattering electrons of about
1 keV energy by mercury atoms (40). Experi-
mental results (41) are in agreement with the
Mott theory of scattering by the screened and
unscreened Coulomb field (42). As yet a beam
intensity of only 10°® amp has been obtained

TABLE IV

Intensity of polarized electron source achieved with
potassium atomic beam

Flux from oven source 5% 10" sec
Fraction of atoms in m; = +-/2 states
accepted and transmitted by magnet = 4x10-*

Fraction in m; = 42 states 0.5

Flux cof polarized atoms to photoioniza-
tion region

Photoicnization efficiency 5x10-*

Flux of polarized electrons 6 10° sec

Electronic polarization {at high fields) 0.97

1.2 10" sec
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TABLE V

Pulsed source of polarized electrons for high energy
linear accelerator

(Design Parameters)

Light source: Flash duration, 1 ys; energy 1 joule/flash
high-pressure spark with 5% emitted in useful wavelength
range; luminous area, 2X 2 mm’; 60 pul-
ses per sec

Optics Useful light solid angle at spark, 1.8 sr;
lateral magnification, 3 times to coincide
with atomic beam cross section; total
absorption and reflection losses, 50%0;
average photon-atom interaction length,
1 em

About 3% of the Li atoms in 1 ¢cm beam
length will be ionized

IPhotoionization
efficiency

Lithium atomic Atom density, 4 X 10° cm~; beam cross
beam section, 7 mm diam

Polarized electron Intensity, 3 X107 electrons/pulse; electron
source polarization greater than 0.9

High energy beam Intensity, 3X10° electrons/pulse with as-

of polarized sumption of 10% transmission by 1 BeV

electrons Stanford linear accelerator; polarization|
greater than 0.9

due in part to the necessity to avoid plural scat-
tering, but higher beam intensities can be anti-
cipated. :

No loss in electron polarization is expected in
the linear accelerator; however successful acce-
leration of polarized electrons or positrons has
not yet been demonstrated (43). Resonant de-
polarization in strong-focusing electron synchro-
trons (CEA and DESY) can occur as it does for
the proton accelerators, For the 6 BeV Cam-
bridge Electron Accelerator which has v=464,
the principal intrinsic resonance occurs at 2.8
BeV and the first imperfection resonance occurs
at 440 MeV. Numerical calculations have been
reported (44) which are relevant to the Yerevan
electron synchrotron.

A high energy beam of polarized muons will
be provided in the muon storage ring designed
for use with the CERN PS (45). The polariza-
tion results from parity nonconservation in the
pion decay. High energy electrons and positrons
in storage rings may become polarized through
the process of synchrotron radiation (46).

C - POLARIZED TARGETS

1. Polarized protons

Polarized photon targets based on dynamic nu-
clear orientation and utilizing as the target a
crystal of La. Mg (NOs) - 24 H:O doped with Nd
are now in active use in several laboratories.
There have been a number of excellent discus-

1ONIZATION
3
—]-—2 PO TC
~icm”!
4 -
4x10° cm 3
2 Raz
9232 cm”
2'sy—c=
R F=1/2 +1/2
3 - -1/2
A 2%s, 0.22¢cm +3/2
1.6 x 10° cm __L_@t I;%
F=3/2 /%

|'so——:

Fig. 13 - Energy levels of He® atom in external magnetic
field (not to scale).

sions (47, 48, 49) of the basic principles and
operating characteristics of this target. Hence
we will only review the subject here briefly fol-
lowing the discussion in Shapiro’s article (49).
The system consists of electrons with spin S
{provided by the magnetically dilute parama-
gnetic Nd ions), and protons with spin I (provi-
ded by the H atoms). The energy levels of one
electron and one proton in a strong magnetic
field are shown in Fig. 10 and are given by

E=mA—m,5

in which m. and m, are the magnetic quantum
numbers of the electron and proton, respectively,
A = guH and 8 = gu.H where g. and g, are theelec-
tron and proton g-values, . is the Bohr magneton
and H is the magnetic field. There is a magnetic
dipole-dipole coupling between the electron and
proton. This coupling is sufficiently small so that
its effect on the energy levels can be neglected but
it causes a small but significant change in the
eigenfunctions so that they are not pure eigens-
tates for the spin projection operators. Thus the
state which in the absence of the magnetic di-
pole-dipole interaction would have m.= + 1/2
actually has a small admixture of m.= —1/2
eigenstate as well, and viceversa. With only the
static magnetic field present and under low tem-
perature conditions the proton polarization,
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p= < L>/I, for the system in thermal equili-
brium will be

—1 AN/ B
v
4 \xt J\kT
which in practice is a small number.

Dynamic nuclear orientation involves inducing
a so-called forbidden transition and thus achie-
ves a high proton polarization. Thus referring
to Fig. 10, if the states were pure eigenstates of
m. and m,, there would be no matrix element of
the interaction Hamiltonian term involving the
r.f. magnetic field between the states designated
by (m., m;) =(— 1/2, + 1/2) and (+ 1/2, — 1/2); ho-
wever due to the eigenstate admixture arising
from the magnetic dipole-dipole interaction this
transition involving both a proton and electron
spin flip can be saturated with sufficiently high
r.f. power so that the population of these two le-
vels is equalized. We assume that the pairs of levels
(me, my) = (— 1/2, + 1/2), (+ 1/2, + 1/2) and
(- 172, — 1/2), (+ 1/2, - 1/2), for which the al-
lowed selection rule Am.= + 1, Am, = 0 applies,
are maintained in thermal equilibrium by the
electron spin-lattice relaxation. Relaxation me-
chanisms are assumed to be unimportant between

RELAXATION He® GROUND
PROCESSES Tr STATE

NOT INVOLVING

METASTABLES

3
N ATOMS/CM

1T

it

DESTRUCTION He®

AND T METASTABLES
RELAXATION s
PROCESSES

n ATOMS/CM

T

PUMPING
LIGHT

Fig. 14 - Schematic diagram indicating the interactions
determining the polarizations of metastable and ground
state He® atoms.

levels for which Am, = == 1, Under these condi-
tions the level populations are indicated in Fig. 10
and the proton polarization will be

A —A
= —tanh —— = ——

2kT 2kT

which in practice can be close to 1. If instead
the other forbiddzn transition (m., m,) = (- 1/2,
— 1/2) & (+ 1/2, + 1/2) is saturated, then the

proton polarization will have the opposite sign.

A + A
p=+tanh— = —
2kT 2kT
Several practical targets have been described
recently (50, 51). Proton polarizations as high as
70-80% are achieved and target masses are up
to 30 gms with hydrogen being 3% by weight.
Figs. 11 and 12 show the Berkeley (49) and
Rutherford (51) targets.

2. Polarized deuterons

The same scheme of dynamic nuclear orienta-
tion which was discussed for protons in the pre-
vious section has been used recently (52) for deu-
terons as well with a targeto of La.-Mg:(NO;). - 24
D,O. Because of the relative smallness of the
deuteron magnetic moment compared to the pro-
ton magnetic moment, a polarization of less than
10% is achieved.

The method of dynamic nuclear orientation
has been applied to solid deuterium containing
trapped deuterium atoms (53). The samples were
grown by passing gaseous deuterium through an
electrode less r.f. discharge and condensing the
products into a microwave cavity maintained
at 1.2 °K by a bath of liquid helium. In solid deu-
terium the majority of the molecules will be in
the orthostate and hence the nuclear spin of the
molecule will be I =2. Deuterium atoms in this
solid matrix serve as paramagnetic centers with
electronic spin S=1/2, If this system is pla-
ced in a strong magnetic field, an energy level
diagram analogous to but somewhat more com-
plicated than that of Fig. 10 for protons is
obtained. Because of the magnetic dipole-dipole
coupling between the orthodeuterium spin and
the electronic spin of the deuterium atom a so
called forbidden transition involving a change
in both the nuclear spin orientation and the elec-
tronic spin orientation can be induced and indeed
saturated with high microwave power at the
resonant frequency. The resulting polarization
of the deuterium nuclei is carried throughout the
sample by nuclear spin diffusion. 1If the nuclear
spin-lattice relaxation time is small (54), high deu-
teron polarization can be obtained in principle.

Thus far an increase in the deuteron polariza-
tion due to the r.f. by a factor of 70 at T = 1.2°K
has been achieved and corresponds to a polariza-
tion of 1.1%. Much higher polarizations can be
expected if greater densities of deuterium atoms
can be achieved in the solid lattice (55).

3. Polarized helium-3

Since the nucleus He' has its two protons in
opposite spin states so that the net spin and ma-
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Fig. 15 - Schematic diagram of equipment used in per-
forming  resonance experiments on optically pumped He’.
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Fig. 16 - The polarization parameter P in elastic pion-
proton scattering at 246 MeV pion kinetic energy.

gnetic moment are simply those of a neutron to
an excellent approximation, a polarized He® target
may be regarded as some approximation to a tar-
get of polarized neutrons from the viewpoint of
high energy physics.

A gas target of polarized He® nuclei has been
produced by the method of optical pumping (56).
Fig. 13 shows the energy level diagram of He.
Ground state He' atoms are excited to the me-
tastable 2°S, state by a weak discharge. A He
lamp is used together with a polarizer to excite
atoms to the °P. state in Am = + 1 transitions.

From the short-lived (10~7 second) °P, state atoms

decay to all the °S: state magnetic sublevels. The
net result is a transfer of atoms from sublevels
of low magnetic quantum number (m =-—3/2,
— 1/2) to those with higher magnetic quantum

number m = + 1/2, + 3/2, or equivalently a trans-

fer of angular momentum from the polarized
light to the atoms. The metastable atom (He**)
polarization is then transferred to ground state
He’ atoms as nuclear polarization via the meta-
stability exchange collisions:

! Ll [
0.1 0.2 05 1.0 20 5.0 10.0
Tp (Gev)

Fig. 17 - Maximum polarization as a function of beam
energy T,. O, data from Berkeley experiment with pola-
rized proton target. Other points involved data from
double scattering experiments.

3 oer }{{ I
o [HH* i

0.2
40 50 60 70 80 90
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Fig. 18 - Cw ({0} in elastic proton-proton. scattering at 680
MeV. (The open circles are from. triple scattering expe-
riments by Golovin et al: Soviet Physics - JETP 17, 98
(1963].

He* + He* —» He*® + He?

which can occur with sipn flip. Fig. 14 is a schema-
tic diagram of the interactions and Fig. 15 is a
schematic diagram of the equipment.

Nuclear polarizations of He' as high as 40%
have been achieved. Typically the gas sample
has a volume of 65 cm’® at a pressure of 1 mm of
Hg. At higher pressures the nuclear polariza-
tion is small, possibly due to inefficiency of the

" discharge and to increased effectiveness of pro-

cesses which destroy the metastable atoms. Sin
ce the relaxation time for the He* ground state,
polarization is long ( ~ 4000 sec), it may be pos
sible to compress and store the polarized He'
atoms. Although the target density achieved so
far is small, low energy nuclear scattering expe-
riments have been done with this target (57).

D - HIGH ENERGY EXPERIMENTS WITH POLARI-
ZED TARGETS

The only high energy experiments with polariied
particles reported thus far have been those which
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have used the polarized proton target based on
the dynamic nuclear polarization method and
using crystals of La:Mg;(NOs)r. - 24H0 doped with
Nd. The experiments have been measurements
of wn-p and p-p elastic scattering with a polarized
proton target. ‘

The first high energy experiment was done at
Berkeley by Chamberlain, Jeffries, Schultz and
Shapiro on the scattering of 250 MeV =n* mesons
on polarized protons (59). Substantial Ieft-right
asymmetries were observed and the polarization
parameter P was measured. (See Fig. 16). It is
clear that the P values are relatively large and
hence important to the determination of the scat-
tering matrix.

Several experiments have been reported by the
Beckeley group on proton-proton scattering
using a polarized proton target (60). Measure-
ments were made of the polarization parameter,
P, which is defined according to

do do
—_ = 1L+P@®)PY
dQ

pol unpol

where Pr is the target polarization. Results for
P (#)m in the energy range from 0.33 to 6.15 BeV
are shown in Fig. 17. The correlation parameter
Cw was measured from the scattering of a pola-
rized proton beam, obtained in a first scattering,
from a polarized proton target (61). The results
are shown in Fig. 18.

Recently work has been reported both from
the Rutherford laboratory (62) and the Argonne
National Laboratory (63) on pion-proton scat-
tering using a polarized proton target. The po-
larization in w~ + p elastic scattering at 2.08
BeV/c has been measured at the ZGS with the
results shown in Fig. 19. These measurements
show that the usual assumption of a single sca-
lar amplitude to describe elastic scattering in this
energy region is not valid. At the Rutherford
laboratory polarization measurements in wn~ + p
elastic scattering were made in the momentum

Fig. 19 - Experimen-
tal results at 2.08
BeV/c from ZGS
experiment.
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range from 875 to 1579 MeV/c and the conclu-
sions deduced were that the resonances at 1030
MeV/c and 1480 MeV/c are F-wave resonances
with J=5/2 and J = 7/2 respectively.

At CERN a determination of the parity of thz B
particle is being made using a polarized proton
iarget {64).

In conclusion, the basic techniques for the de-
velopment of useful polarized targets and pola-
rized beams for high energy physics are either
available or clearly in sight. The realization of
accelerated beams of polarized particles will re-
quire at this stage the more active participation
of accelerator physicists. Polarized beams and
polarized targets will make possible a large
number of important experiments which are
either very difficult or essentially impossible with
other presently known techniques. It is quite
certain that as high energy and elementary par-
ticle physics become more sophisticated know-
ledge and control of the spin variable will be
valuable,
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RECENT PROGRESS IN THE PERFORMANCE OF ELECTROSTATIC

SEPARATORS AT CERN

C. Germam

CERN, Geneva (Switzerland)

I. INTRODUCTION

This paper describes some advances in electro-
static separator techniques which have been ma-
de at-CERN. A number of separators have been
constructed and used in the proton synchrotron
beam lines during the last four years. They com-
prise five large separators, each of which is 10
metres long, and which have previously been
described in detail (1) and a further four, more
recently constructed ones, each 3 metres in length.
These 3 metre separators may be bolted together
to form 6 metre units. In all these the magnetic
field is deliberately separated from the electric
field and localized in small compensating ma-
gnets placed at each end of the separator.

Considerable experience on the behaviour of
these separators has been accumulated during
the years and their operation under working con-
ditions, with increasing reliability, in the beam
lines of the CERN proton synchrotron, has been
carried out by P. Coet and his team. The: follo-
wing shows the operating conditions currently
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achieved using our conventional stainless steel
electrodes, provided organic vapour contamina-
tion is minimized: gap width 10 cm, applied vol-
tage 550 to 600 kV; gap width 14 cm, applied vol-
tage 700 to 740 kV.

In addition to the construction of operating
units effort has also been directed in the N.P.A.
Division to research on high voltage vacuum
breakdown phenomena and to the developmeni
of separator technology. A search for improved.
electrecdes has been made and it has been
found (2) that by using a cathode coated with
a thin insulating layer and a conventional stain-
less steel anode the performance of a 3 metre
separator can be doubled. That is, the same vol-
tage can be maintained across a gap of 5 cm
instead of 10 cm (Fig. 1).

Il. FABRICATION OF OXiDE COATED ALUMI-
NIUM ELECTRODES

A number of different types of insulating ca-
thode layers have been studied. The best re-



