THE 10-GEV SYNCHROTRON
AT CORNELL

A new electron accelerator, to be dedicated
this month, continues the tradition at Cornell University.
Elementary-particle research, including tests

of quantum electrodynamics in electromagnetic interactions
and studies of the vector-meson family, will benefit.

BOYCE D. MCDANIEL and ALBERT SILVERMAN

O~ 10 ocTtoBer Cornell University and
the National Science Foundation will
join in the dedication of the Wilson
Synchrotron Laboratory and its associ-
ated facilities. This laboratory houses
the 10-GeV electron synchrotron, the
fourth in a series of electron accelera-
tors built and used by physicists at
Cornell under the inspiration and
leadership of Robert R. Wilson for
whom the new laboratory is named.
The new machine was conceived in
August 1962; in March 1965, after
two and a half years of design study
and finance negotiations, a construc-
tion contract was signed. Two years
later a beam circulated in the machine
and in March 1968 we obtained full
energy of 10 GeV. This is the highest
energy yet attained in any electron
synchrotron. The experimental-phys-
ics program utilizing the accelerator
started in November 1967, at which
time the synchrotron was already op-
erating at an energy of 7 GeV.

Budget, scale and site

The total construction budget, inelud-
ing machine and laboratory, amounted
to about 12 million dollars. After an
increase in the scope of the project
somewhat beyond that of the original
plan, construction was completed for
less than the budget figure in a time
shorter by many months than the three
and a half years’ contract time,

A “preoperating”  budget  of
$650 000 helped us prepare for the
experimental program. With the start
of experiments we had a further 2.2
million dollars to support the first year

of operation and the experimental pro-
gram, including the purchase of fur-
ther capital equipment. With these
allocations we have equipped the first
round of experiments, although the to-
tal amount of equipment available,
such as magnets, spectrometers and so
on, is still very limited.

The accelerator,! a strong focussing
device, has a magnetic guide feld with
a perimeter of about 0.8 km. Its tun-
nel, dug out with a boring machine,
lies 14 meters under an athletic field
near the center of the Cornell Univer-
sity campus at Ithaca, This remark-
able site was chosen so that the re-
could be closely

search activities

coupled with the interests of the whole
academic community and, in particu-
lar, with the activities of the depart-
ment of physics. The synchrotron
ring passes through the experimental
hall and extends back under the field
in the circular tunnel of 3-meters di-
ameter (see figures 1 and 2).

The machine provides a beam at
energies up to 10 GeV with an inten-
sity of 3 x 101 electrons per pulse at
60 cycles per second. We hope to
increase the intensity to about 10M
electrons per pulse soon. So far none
of our experiments has been limited
by lack of intensity.

We have found the accelerator an

Albert Silverman came to Cornell in
1950 with bachelor's and doctor's de-
grees from Berkeley. Fulbright, Gug-
genheim and Ford Foundation fellow-
ships took him to Frascati, where he
worked on polarization of the recoil pro-
ton in «" photoproduction, and to
CERN, where he studied proton-proton
scattering at high energies and large
angles. Now at Cornell his research
includes meson photoproduction and
Compton scattering from hydrogen.

Boyce D. McDaniel, director of Cornell's
Laboratory of Nuclear Studies, took
his PhD at Cornell after obtaining
bachelor's and master's degrees at Ohio
Weslyan University and the Case School
of Applied Science. He worked in
Canberra and Frascati under Fulbright
and Guggenheim Fellowships, and has
been a member of the Cornell faculty
since 1946. His research has been in
slow-neutron and gamma-ray spectros-
copy, and k-meson photoproduction,

PHYSICS TODAY s« OCTOBER 1968 = 29



CUTAWAY VIEW OF THE CORNELL SYNCHROTRON shows the tunnel 13 meters below the ath-
letic field. The straight tunnel across the diameter is for utilities and is also an escape route to the sur-

[iIL'l'.

exceptionally satisfving instrument. It
is very reliable and those difficulties
that have occurred are reasonable and
understandable; most have been of the
sort that will be eliminated during the
first vear of “wearing-in~ the machine.
Our performance record in the last six
months ol running shows that an ac-
ceptable beam is provided by the ma-
chine for more than 857 of the sched-
uled hours, which are 16 eight-hour
shifts each week.

Personnel and methods

Nearly all those who were engaged in
the major technical aspects of the de-
sign and construction of the accelera-
tor were physicists simultaneously in-
volved in teaching and research. Four
of our professorial staff were involved
in a major way, and an equal number
in parttime fashion. Three research
associates put their full time to the
project. Nearly all of those physicists
involved had previously taken some
major responsibility with at least one
of the earlier Cornell synchrotrons.
We could boast of only three engi-
neers on our staff,

The average number of employees
involved during the construction was
about 35, not including the physicists.
Now that the machine is functioning
we employ about 25 persons who op-
erate and maintain the facility and as-
sist in setting up experimental appara-
tus, Another 20 con-
nected with various service facilities

persons are

such as stock room, business office and
central shop facilities.

We set up our own assembly line

onstruction of the magnets
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Laboratory building is above ground level in scenic Cascadilla Gorge.

and the supporting modules; nearly all
the components of the injection sys-
tem were constructed in our own
shops, and we made the entire power-
supply equipment for the excitation
For the multiplex control
only the mass production of transistor
cards was done outside,

ourselves.

THE ACCELERATOR

The basic lattice of the machine has
six sectors, each made up of 32 mag-
nets in the pattern: radial focus-de-
focus-defocus-focus. The field gradi-
ent chosen for the machine is such

North
experimental area

Access tunnel

Linear
accelerator

Experimental hall

PLAN OF SYNCHROTRON and experi-
mental hall. Radiofrequency accelerating
cavities are in the four small rooms on
the tunnel perimeter. —FIG. 2

—FIG. 1

that the vertical and radial betatron-
oscillation frequencies are each 10.75
times the orbital frequency. The lat-
tice incorporates four 6.1-meter
straight sections and two diametrically
located 12.2-meter straight sections.
The 6.1-meter field-free regions ac-
commodate the accelerating cavities,
and the longer ones provide ready ac-
cess to the circulating electron beam
for internal targets and other devices.
To minimize loss of aperture, owing to
these field-free spaces, Collins-type in-
sertions® were made, In the 6.1-meter
sections the two magnets nearest the
straight sections have a special strong-

Synchrotron Parameters

Electron energy 10 GeV
Radius of curvature in
magnet 100 meters
Repetition rate 60 Hz
Nominal intensity 10" electrons/
pulse

Number of magnet units 192
Long straight sections 2 of 12.2-meter
length
4 of 6.1-meter
length
Gap height, focus and

defocus respectively 2.54 and 3.80

cm

Gap width, good field 5.5 cm
Magnetic field at 10

CeV 3.3 kG
Betatron oscillations/

turn vy = sy 10.75
Linac energy 150 MeV
Linac frequency 2855 MHz
rf frequency 714 MHz
rf voltage/turn at 10

GeV 10.5 MeV



ELECTRON SYNCHROTRONS

The basic elements of a synchrotron
are the injector, guide field and ac-
celerating device. A linear accelera-
tor introduces electrons into a closed
magnetic guide field with a strength
that increases with time. At injec-
tion time the magnetic field is
matched to the momentum of the in-
jected electrons to produce the cor-
rect orbit radius. The electrons are
accelerated by radiofrequency cavi-
ties; the principle of phase stability
keeps the electron momentum
matched to the increasing magnetic
field. The electrons always have a
velocity very near that of light, so
that for a constant orbital frequency
the orbit radius is constant. The
peak energy is achieved at the maxi-
mal value of the magnetic field.

The Cornell synchrotron has a
peak operating energy of 10 GeV; the
maximum energy is 7 GeV for other
currently operating electron synchro-
trons in the world. The synchro-
trons that now operate at 5-7 GeV
are NINA, Daresbury, England; DESY,
Hamburg, Germany; Eravan, USSR
and CEA, Cambridge, Mass. The
Cornell machine accelerates 3 x 10"
electrons per pulse at 60 cycles per
second. The intensity is expected to
exceed 10" per pulse in the near fu-
ture. This flux is comparable to that
provided by the other synchrotrons.

gradient profile that leaves the entire
space unencumbered, but in the 12.2-
meter sections we use a quadrupole
pair to provide the proper insertion.
These quadrupoles, each about 76 cm
long, are about 30 cm apart and are
located symmetrically about the mid-
point of the straight section. The to-
tal amount of material obstructing the
vicinity of the median plane of the
magnet is a minimum, so that we have
the greatest flexibility for emergent
beams from these straight sections.

Electrons are given their initial in-
jection energy by a 150-MeV Varian
S-band linear accelerator, located in-
side the ring, and after suitable mo-
mentum analysis they enter the syn-
chrotron guide field. The specifica-
tions for the linear accelerator are such
that 100 milliamps of electrons fall in
a one-percent momentum interval,
The pulse duration is 2.5 microsec-
onds, the filling time for single-turn in-
jection into the ring,

Small guide-field magnets

The 192 magnets that make up the
guide field are of novel design, with
design features, determined by a num-
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magnet is enclosed in vacuum chamber; power circuits and vacuum lines are enclosed

between the webs of the I-beam support beneath the magnet.

ber of related considerations, that keep
them unusually small. The radiofre-
gquency voltage required to make up
for the synchrotron-radiation loss is
proportional to EY/R where E is elec-
tron energy and R is radius. Thus the
f power that is required rises very
rapidly as the electron energy is in-
creased. There are two advantages of
a large radius; the required voltage per
turn decreases as 1/R, so the power
decreases as 1/R?, and more space is
available in the straight sections for
accelerating cavities. The total radio-
frequency power for the same acceler-
ating voltage decreases inversely as
the length of the cavities. The net

—FIG. 3

effect of these two factors (radius and
cavity length) is to make the required
power decrease approximately in-
versely as the cube of the radius of the
machine. For these reasons the radius
of the ring was chosen so great—the in-
stantaneous bending radius in the mag-
nets is 100 meters. Though it might
seem that the additional length would
significantly increase the cost of the
magnet, this is not so; the required
field strength for 10 GeV is only 3300
gauss, with a great relative saving in
iron and copper and in magnet power.

Figure 3 shows a cross section of a
guide-field magnet. Each one is ap-
proximately 3.4 meters long, built of
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INTERIOR OF THE SYNCHROTRON TUNNEL. Magnets are inside the rectangular
vacuum chamber on top of the support beams, and capacitors and biasing choke trans-

formers are mounted under the beams.

Tunnel diameter is 3 meters.

—FIG. 4

RADIOFREQUENCY ACCELERATING CAVITY shows diaphragm with keyhole slot

median plane.

il

structure.

.

External diameter of cavity is 33 cm.

PHYSICS TODAY

Four holes at larger radius provide coupling between successive ele-

—FIG. 5

laminations of 29-gauge Armco A6
high-silicon steel, Each lamination
profile is that of an H bisected in the
median plane. The outside dimen-
sions of each magnet are only 20.3 %
29.2 em, with gaps of 2.5 and 3.8 em
at the central orbit for the radially
focussing and radially defocussing
lenses respectively. This variation of
gap height between the two types of
lenses involves no loss in useful aper-
ture because the vertical betatron os-
cillations are confined in an undulating
envelope with maxima oceurring
within the radially defocussing lenses
only.

We computed the proper profile for
the required gradient by conventional
methods and constructed a sample
magnet with the appropriate two-stage
die to verify the design and determine
the useful range of the radial aper-
ture; then we went into the full-scale
stamping process. A total of 4 million
laminations, weighing approximately
200 tons (180 000 kg), were shuffled
thoroughly to minimize orbit distor-
tions arising from nonuniformities in
the iron.

We fabricated the magnet on site
by stacking the laminations on a jig,
upper and lower half separately. Pre-
fabricated excitation coils were laid in
the window space of the stacked lam-
inations and bonded in place with
epoxy. Narrow lead strips, epoxied
on the face of the coil toward the me-
dian plane, provided protection for
the coils against radiation damage
from the synchrotron radiation and in-
jected electron beam. After curing
the epoxy we keyed the upper and
lower sections of the magnet l])‘ glass
dowels and epoxied them together.
As a final operation the whole magnet
was slipped into a 0.8-mm stainless-
steel jacket and sealed by arc welding.

Extensive magnetic measurements
on each magnet included gradient, re-
sidual field, eddy-current effects, high-
field flux, saturation characteristics and
the location of the isomagnetic line.
Because of fringe-field effects we took
special care to provide the correct con-
tour of the pole at the ends of the mag-
net, This profile was manufactured
from normal laminations by shearing
individual laminations in a progressive
pattern. Figure 4 shows the magnets
assembled on their support structure
in the tunnel.

Two stages of alignment

To obtain and preserve the required
high accuracy in alignment we de-
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ment and the four photon beams.

cided, rather than have piles driven
far below the tunnel for a rock-steady
support, to provide adjustment jacks
directly on the concrete floor of the
tunnel and make regular checks of
alignment accuracy.

Alignment of the machine was then
accomplished in two stages. First, a
careful conventional optical survey
utilized 48 simple demountable piers
mounted to the walls of the tunnel.
This survey, on the initial transit,
closed to about 1.2 em, and a resurvey
then checked alignment after smooth
distribution of the error. Using this
coarse grid, we laid sections of the
guide field, approximately 60 meters
long, in place. Special fixtures
mounted on top of each of the mag-
nets, together with stretched wires and
suitable jigs, provided precise offsets
between magnets so that the position
of one magnet relative to its immedi-
ate neighbors could be determined
with high precision. The stretched-
wire technique yielded alignments bet-
ter than 0.02 mm, but because of other
problems the relative alignment of
nearby magnets is probably good to
only 0.1 mm. We believe that the

final alignment is such that the mag-
nets conform to the proper path with
an ellipticity not exceeding 0.7 cm,
and over a betatron wavelength, 70
meters, the accuracy of alignment is
believed to be of the order of 0.04 cm.
We have encountered no difficulty that
could be ascribed to bad alignment of
magnets; however, orbit deviations of
the order of 1.0 em are observed in
certain locations. We believe these
deviations are explained either by sur-
vey errors or failure to take into ac-
count known deviations of the isomag-
netic lines for individual magnets. To
simplify the alignment these latter
deviations were ignored.

Magnet power and cavity design

In the magnet-excitation circuit the
magnet inductance is tuned with ca-
pacity so that it is series resonant at
60 Hz. The resonating capacitors are
distributed between adjacent magnets
of the guide-field ring, with the advan-
tage that no large accumulation of ac
voltage arises between any point of
the magnet circuit and ground poten-
tial,

To minimize total ac losses, a posi-

Beam lines currently in use are the internal-target bremsstrahlung experi-
All are shown in greater detail in later figures.

—FIG. 6

tive dc bias applied to the sinusoidal
magnet current eliminates its wasted
negative excursion. The dc bias is
then approximately half of the peak-to-
peak ac current.

Total power requirement for opera-
tion at 10 GeV is 770 kilowatts, of
which 410 kW of ac excitation is sup-
plied by a solid-state inverter,

To compensate for errors in the
magnet guide field at injection time
there are 40 sets of small vertical and
horizontal correction coils at intervals
of approximately one quarter of a be-
tatron wavelength. The errors that
these coils correct arise from inhomo-
geneities in the iron, magnet-fabrica-
tion variation, survey errors and para-
sitic  magnetic-excitation  currents.
The currents in the correction coils are
de and are digitally controlled in 60
intervals. There is a similar set of 12
quadrupole-gradient corrections.

Four cavity structures similar to that
shown in figure 5 provide the accelera-
tion of injected electrons; each struc-
ture is a waveguide consisting of 15
perforated diaphragms mounted in a
cylindrical tube. Each -cavity is
coupled to a klystron power tube op-
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erating at 714 MHz, the fourth sub-
multiple of the linear-accelerator fre-
quency, and the power tubes are
driven by a centrally located plate-
modulated klystron driver. The cavi-
ties operate in the traveling-wave
mode.

The external diameter of the cavity
is 33 cm, and its length is 4.9 meters
including the couplers at each end
of the assembly; thus the 6.1-meter
straight sections are nearly filled by

(c)

BREMSSTRAHLUNG (a and b) and pair
production (¢) shown in Feynman dia-
grams. q is the 4-momentum of the vir-
tual lepton; it is space like, q., for pair
production and either space like or time
like in bremsstrahlung. Either q. or q.
can be made small by a suitable choice of
kinematic conditions. In the symmetric
case (as in the experiments described in
text) momentum given to nucleus is
small; invariant mass of the final lepton
pair is given by m* = 2q° —FIG. 7
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the cavity structure. The hole in the——wacr—urmtTorTotaumy e position of

waveguide diaphragm is 7.6 c¢m in
diameter and provides full aperture
for the beam. A special slit, extend-
ing radially outward in the median
plane from the central hole in the dia-
phragm, reduces the possibility of
“multipactoring” in the cavity, that is,
a vacuum discharge caused by regen-
erative secondary emission of electrons
from the cavity walls, induced in this
case by synchrotron radiation. An ex-
perimental model without such a key-
hole slot had serious problems when
tested in our 2-GeV accelerator. Key-
hole slots in the median plane prevent
photoelectrons from being released in
the high electric-field region near the
axis of the cavity., In operation, each
of the cavities has independent phase
control, and we find the proper rela-
tive phases by experimentally adjust-
ing them for acceleration of beam to
maximal energy for a fixed power in-
put. The average rf power require-
ment is 136 kW, and the peak rf
power is 425 kW,

Vacuum system

The arrangement of our vacuum
chamber is another factor that helps to
reduce the size of the magnets. There
is no vacuum chamber in the magnetic
gap; the entire magnet is evacuated by
surrounding it with a thin, stainless-
steel vacuum jacket so that no vertical
aperture is sacrificed to provide the
vacuum. As might be expected, all
this material inside the vacuum system
results initially in a poor vacuum.
However, after a routine outgas at
high temperature for about two weeks,
a pressure of a few times 10-% torr
can be maintained. We have ob-
served no significant increase in pres-
sure in the operating synchrotron dur-
ing full excitation and normal op-
eration. All vacuum components of
the machine are stainless steel, and
the quick-disconnect vacuum flanges
are designed for copper gaskets.
There are 104 oil-diffusion pumps in
the main synchrotron ring.

Computer control and monitoring

The beam intensity in the machine,
as well as vertical and horizontal posi-
tion of the circulating beam, is deter-
mined by ferrite-induction beam-de-
tection devices. A ferrite loop, closed
around the beam, monitors circulating
electrons with a pick-up winding con-
nected as a current transformer.
Four bars of ferrite, forming a rec-
tangle with short air gaps, constitute

the beam in the gap. Windings that
pick up the flux induced by the beam
provide a signal proportional to the
displacement from the center of the
rectangle, so enabling us to measure
hoth vertical and horizontal displace-
ments, There are 40 of these de-
tectors distributed roughly one quarter
of a betatron wavelength apart around
the perimeter of the machine.

One of the unique features of our
accelerator is the simplicity with which
it is controlled and monitored. A
time-sharing multiplex system ad-
dresses and monitors several functions
at each of the 102 support tables for
the main ring. Oscillographie displays
present serially, on a single trace, the
values of a chosen variable for each
of the stations. These variables in-
clude amongst others vacuum pres-
sure, magnet temperature, exciting
current in the magnet that drives the
transformer and voltage between the
main winding and ground. As well as
these continuous displays we can dial
suitable addresses to apply control
voltages that provide current for the
low-field correction coils, survey jack
motors to correct magnet alignment
and relays for fast coaxial switches con-
nected to the beam intensity and posi-
tion monitors. The entire machine
can be controlled from a single, com-
pact, control desk by one operator.

An IBM 1800 computer helps to
monitor and control the machine, al-
though the accelerator will operate
without it. The computer performs
supplementary services for the oper-
ator, for example, recording in its
memory the various control variables
for the machine. If, after manual
tuning of the machine, we want to re-
store an old set of parameters into the
controls we can do it by reading the
old values, from the computer mem-
ory, into the controls with motorized
potentiometers. The computer also
monitors and maintains various pa-
rameters within safe limits.

We can also use the computer to
control the low-field correction coils
automatically, in order to optimize
the beam intensity. A localized orbit
distortion can be applied at a given
point of the guide field so that we can
explore the aperture limits at that point
by sensing the intensity of the ac-
celerated beam. This distortion can
be adjusted to center the orbit between
the aperture limits. Then, by repeat-
ing the process successively with each
corresponding set of correction coils
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about the ring, the computer optimizes
the beam intensity, Although this sys-
tem has actually been used, we find
that manual tuning of even a very
small number of correction coils, less
than five, makes a very good orbit.

Targets and photon beams

A magnetic distortion of the orbit will
deviate electrons to a target. Near
the peak of the magnetic cycle, when
the electrons are near full energy, a
large current pulse is applied in series
to two coils wound about the pole
tips of two suitably chosen magnets.
These coils are connected noninduc-
tively with respect to the main ex-
citation circuit and they provide fields
that produce a well localized radial
bump in the beam, either for pro-
ducing an external bremsstrahlung
beam or for studying electron interac-
tions in the target itself. For inter-
action studies the target is in the long
straight section in the middle of the
experimental hall to ensure good ac-
cess to the interaction area.

The bremsstrahlung beam emerges
through a special channel in the side
of the appropriate magnet, and it then
passes along the flare of the experi-
mental hall to apparatus set up on the
floor. In figure 6 we show the beam
lines as they now exist, together with
a schematic diagram of the various
experimental  arrangements. Cur-
rently we have four external photon
beam lines, which pass through colli-
mators and broom magnets (not shown
in figure 6) as they traverse the west
flare. Thus all the pretreatment nec-
essary to define and clean the beam
is done before it passes through the
lead and concrete shielding wall into
the main experimental area.

The size of the building determines
the general scale of the operation.
Our experimental hall measures 30 x
30 meters, and it accommodates six
experiments simultaneously with some
margin. Of course these are only
“first-generation” experiments and we
expect that as larger experiments come
on to the floor it will become more
crowded. The site will accommodate
future expansion.

We hope that we can increase the
synchrotron duty cycle, which is cur-
rently limited by the energy spread
that we can tolerate. With sinusoidal
magnet excitation a 19 energy spread
yields a duty cycle of 7%. In prin-
ciple the excitation system is suffi-
ciently flexible to let us install a “flat-
top” system that would clamp the mag-

net at peak field and permit a duty
cyele as great as 50%.

Although the design energy for the
accelerator is 10 GeV, many of the
components, including the main guide
field, would permit operation at an
energy higher than 15 GeV. We think
we can increase the acceleraling volt-
age either by a brute-force approach
or with superconducting cavities to
obtain higher peak energy for the ac-
celerator,

Work is now in progress to produce
an external beam with slow extraction.
We hope to have it operating in 1969.

EXPERIMENTAL PROGRAM

For some twenty years experiments
done with electron accelerators have
made decisive contributions to our un-
derstanding of elementary particles.
Recall, for example, the discovery of
the =" meson in the elegant experi-
ments of J. Steinberger, W. K. H.
Panofsky, and J. Steller® at Berkeley,
the fundamental work of Robert Hof-

stadter at Stanford on elastic electron
scattering, so fittingly extended to the
multi-GeV range by recent work with
the Stanford linear accelerator,® the
work at Cornell and Cal Tech that led
to the discovery of the first nu-
cleon isobars and played so important a
role in determining their ¢uantum
numbers,” the various experiments ex-
tending the domain of validity of quan-
tum electrodynamics (QED)  culmi-
nating in the brilliant work at the Ger-
man electron synchrotron (DESY)"
and the experiments at the Cambridge
electron accelerator and DESY on the
photoproduction of vector mesons, a
uniquely powerful way to investigate
their strong interactions,7#

With this rich tradition in mind we
began our experimental program im-
patiently almost before the last mag-
net was in place and months before
the building was finished.

Tests of QED

Electromagnetic interactions are re-
markably well described by the theory
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ol quantum electrodynamies (QED).
For example, this theory calculates the
Lamb shift in hydrogen with an ac-
curacy of betler than 1 part in 104,
However, alomic energy levels are
rather insensitive to the short-distance
behavior of the electromagnetic inter-
High-cnergy electrons and
photons are very useful for investigat-

action.
ing this short-distance behavior—for
example, the experiment at
DESY" on  wide-angle electron-pair
production showed that QED remains
valid down to distances of perhaps
10" em.  Clearly we should con-
tinue these investigations to smaller

recent

distances.

To this end we started bwo experi-
ments, wide-angle bremsstrahlung and
muon-pair production, some time ago;
a third, wide-angle electron-pair pro-
duction, will begin soon. The first two
are through the tune-up stage and
are now accumulating data.  Figure
7 shows three of the Feynman dia-
grams involved in these processes.

The invariant mass of the two light
particles in the final state offers a
convenient way to describe the sever-
ity of the test to QED. For example
the major contribution to electron-

pair production comes from invariant
masses of the electron pair of about
1 MeV where QED has been investi-
gated in great detail. These experi-
ments will investigate the mass re-
gion from 500-1500 MeV. In this
range a major contribution to the
counting rate in pair experiments
comes from leptonic decays of the vec-
tor meson, which somewhat compli-
cate the purely QED aspects while
at the same time enriching the experi-
ment, The bremsstrahlung experiment
does not face this complication and
may, therefore, be the most direct test
of QED in the same mass range,

So far QED has survived the most
determined assaults. A possible crack
in the dike has been recently reported
from CERN-—a tantalizing two or
three standard-deviation discrepancy
in the anomalous moment of the
muon.”

Figures 8 and 9 show the wide-
angle bremsstrahlung and muon-pair
experimental arrangements.

Vector-meson family

The existence of the vector-meson
family was predicted to account for
the electromagnetic form factors of

FEYNMAN DIAGRAM for the dominant process in yp —> sp according to the vector-

dominance theory. Similar diagrams apply to nuclei other than hydrogen.
of the direct 7—p coupling is measured by emp®/2vp.

Strength
—FIG. 10
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EXPERIMENTAL ARBANGEMENT for p’ measurements.
from photons in the target decay into positive and negative pions.

Rho mesons produced
A six-fold coinci-

dence in the scintillation counters triggers four optical spark chambers, which de-

termine the pion trajectory.

In this way the invariant mass, energy and angle of

the pion pair is determined. Detection system rotates through 100 milliradians in

the vertical plane and can also be rotated about a vertical axis.
the three shown will be used in later experiments,
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the nucleus. Vector-meson electro-
magnetic and strong interactions are
of great interest to any theory of ele-
mentary particles and photoproduc-
tion offers us a very powerful tool for
investigating these interactions, For
example the total cross section for rho-
meson-nucleon scattering has been de-
termined with an accuracy of perhaps
10% by a study of p" photoproduc-
tion from complex nuclei-a rather
remarkable achievement considering
that the mean life of a rho-meson is
approximately 10-2% sec.

We have measured " photoproduc-
tion from 4 to 9 GeV with various tar-
gets, including hydrogen and deute-
rium. Previous measurements have
shown that the " is photoproduced in
diffraction-like processes.® A particu-
larly attractive mode that allows for
diffraction production is the vector-
dominance model, according to which
the photon interacts with hadrons only
by first changing to a vector meson.1?
Figure 10 shows the important Feyn-
man diagram for p° production from
hydrogen in this theory. Similar dia-
grams apply to phi and omega pro-
duction. This theory yields the rho-
nucleon total cross section and the
strength of direct gamma-rho cou-
pling from measurements on various
nuclei.!’ Recent measurements at this.
laboratory subject this model to more
detailed and quantitative tests than
before; they confirm the main features
of earlier measurements but disagree
with some of the quantitative conclu-
sions. Figure 11 shows the apparatus
we used for these measurements. The
same apparatus, suitably modified, will
study phi-production, wide-angle elec-
tron pairs, and leptonic decays of vec-
tor mesons.

We are preparing an extension to
these measurements with the polarized
beam obtained from radiation from a
diamond crystal.l?  Measurements
with polarized photons offer a very
powerful tool for sorting out the polari-
zation states of the rho meson, informa-
tion of great usefulness for an under-
standing of the basic phenomena in-
volved.  Clearly, polarized photon
beams can be useful in many different
experiments and we expect they will
play an important role in future experi-
ments.

Omega production

Rochester and Cornell in collaboration
are studying «” photoproduction using
the apparatus shown in figure 12.
Information on «® photoproduction is
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OMEGA-PRODUCTION EXPERIMENT. «” mesons are produced when the gamma-
ray beam passes through the target in a uniform magnetic field; pions from the «° decay
are detected in the apparatus behind the magnet. Positive and negative pions pass
through a pair of scintillation counters with wire spark chambers between them. Decay
photons from the neutral pions pass through a second magnet that sweeps out charged
particles. They are then converted in a lead radiator and detected in wire chambers

and shower counters.

much less extensive than for the p",
partly because the cross section is
smaller and partly because the three-
body decay makes detection more dif-
ficult. Data obtained from hydrogen
bubble chambers at energies of 2-6
GeV indicate that omega production
involves both single pion exchange
and diffraction dissociation. If this
explanation is true the diffraction dis-
sociation will dominate at higher ener-
gies and measurements made on
heavy nuclei will yield the omega—
nucleon cross section and omega-—
gamma coupling constant, as in the
case of the rho meson.

Pions and kaons

Figure 13 shows the arrangement of
an experiment to measure »+ and K+
produced near 180 deg in the center-
of-mass coordinate system in these
three reactions

TP — 1r+l‘1 (]J
¥p — K730 (2)
vp — KTA" (3)

Meson photoproduction at backward
angles is particularly interesting as it
offers a very sensitive way to investi-
gate processes in which a baryon is ex-
changed. Reasonably extensive mea-
surements have been made on the en-
ergy dependence of reaction 1 from
600 MeV to 3 GeV,1" These measure-
ments show the same sort of rich struc-
ture characteristic of elastic scattering
of pions in the backward direction,
structure presumably associated with
the formation of nucleon isobars. In-

The experiment is “on line” to an IBM 15800 computer where
the kinematics of the event are reconstructed.

—FIC. 12

formation above 3 GeV is insufficient
to determine whether this structure
continues at higher energy or not. In-
formation on reactions 2 and 3 is
rather meager at all energies.

Recent measurements at SLACH
show that the angular distribution of
reaction 1 near 180 deg is rather dif-
ferent from that obtained in the elastic
scattering of pions, a fact that may be
difficult to reconcile with the popular
belief that all these processes are domi-
nated by baryon exchange. More ex-

perimental information should be very
useful in the interpretation of these re-
sults.

Preliminary results show that the ex-
periment can easily be run at a beam
intensity corresponding to a hundred
counts per hour of pions or kaons pro-
duced by 10-GeV phatons. We expect
to cover the energy range from 3 to 10
GeV rather carefully.

K" mesons are detected in the ap-
paratus shown in figure 14. We detect
long lived K" mesons, produced at a
fixed laboratory angle, 20 meters from
the target by regeneration of short
lived K mesons that decay in the ap-
paratus. The spectrum of these K"
mesons tells us something about the
mechanism by which they are photo-
produced. In particular, the spectrum
can be analyzed for those K" mesons
that arise from phi-meson decay and
the phi-meson cross section thereby
determined,

Next year and later

We hope to investigate the neutron
form factor by detecting the scattered
electron and recoil proton in coinci-
dence, in the manner of P. C. Stein
and others.’™ This technique provides
the least ambiguous method for deter-
mining neutron form factors, a task
complicated by the absence of free
neutrons.

Inelastic electron scattering with de-
tection of the scattered electron and

Target

Counter hodoscope
Wire chamber

Magnet

Wire chambers /

Trigger hodoscope — —/L =)

e

]— Counter

Anticoincidence counter

BACKWARD PION AND KAON MEASUREMENTS.

n' and K' mesons produced in

the hydrogen target at laboratory angles close to 180 deg pass through the counter
hodoscope and wire chamber, are bent through about 90 deg in the magnet and then
traverse more wire chambers, another hodoscope and a counter in which they are
stopped. Protons, pions and kaons are distinguished by time of flight, pulse height in
the stopping counter, and range. The wire chambers can determine momentum to
about 0.1%. This experiment is “on line” to an IBM 1800 computer. —FIG. 13
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DETECTION OF K' MESONS. Long lived K" mesons from a target about 20 meters
upstream {rom the detector pass through the carbon regenerator from which about

0.3% emerge as short lived K° mesons.

Eightfold coincidence in the scintillation-

counter hodoscopes detects pions from K’ decay and triggers the spark chambers. The
direction of the initial kaon together with the decay directions of the pions, as de-

termined in the spark chambers, defines the momentum of incident K"

another particle (pion, proton, rho
meson, ete) in coincidence, could also
be investigated here. This work would
be similar to the pioneer work of K.
Berkelman on the pion form factor
and the yNN* (1238) form factor.!®
Inelastic electron scattering offers a
very rich field and is likely to be an
important part of our experimental
program for some years.

Later we could investigate the pho-
toproduction of strange particles (for
example yp — Y*K+) in which the
K+ is detected in coincidence with
one of the Y* decay products. Experi-
ments at Cornell and by a Yale group
at Cambridge detect only the K+ in a
“missing-mass”  type of experiment
that suffers from a large nonresonant
background. Quantitative information
is therefore hard to get; detection of
the Y* through one of the decay prod-
ucts will greatly reduce this nonreso-
nant background. Quantitative infor-
mation on this kind of reaction will al-
low us to test a number of SU, and
quark-model predictions,

Collaboration and comparisons

Currently physicists from four outside
institutions are collaborating with Cor-
nell staff in the experimental program.
As the program matures and as more
equipment becomes available we ex-
pect outside users to increase in num-
ber and to work in independent groups.
Our understanding with the National
Foundation, our funding
weney, is that machine time shall be

Science
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available to qualified outside users in
an amount comparable to that allo-
cated to our own staff. With this un-
derstanding in mind, we encourage
proposals from outside groups and will
accommodate them to the extent to
which our facilities permit and their
proposals qualify.

This brief description of our experi-
mental program makes clear the heavy
debt we owe to other electron accelera-
tors. Many of our experiments are ex-
tensions into a new energy region of
work done at CEA and DESY, where
the experimenters, of course, owe a
similar debt to their predecessors.

Comparison of our experimental
program with that of SLAC reveals
that though they overlap in some
areas, they tend, on the whole, to
complement each other, largely as a
result of the complementary character-
istics of the two accelerators. The
longer duty cycle of the synchrotron
makes it easier to do experiments in
which two or more particles are de-
tected in coincidence—a characteristic
of most of the experiments we describe
here. The higher intensity of the
linear accelerator makes possible the
measurements of very small cross sec-
tions (for example, the recent beauti-
ful proton form-factor measurements)
and the production of particle beams.
These differences in accelerator char-
acteristics affect both the choice and
the style of experiments in the two
laboratories.

No doubt electron accelerators will

continue their important role in e
mentary-particle physics, a role
we at Cornell are looking forward to
sharing.
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