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CORNELL UNIVERSITY
300 MEV. SYNCHROTRON
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(A) Magnet C-section; (A') Oversize C-section providing exit space for
beamn; (B) and (C) Upper and lover pole pieces; (D) Vacuum chamber, or
donut; (E) Gun for injecting electrons into the donut; (F) Magnet coil,
upper and lower sections; (G) Supports for coil; (J) Magnetic shunts, or
flux bars, across pole gap; (K) Insulating blocks which hold flux bars
against poles by means of stainless steel straps; (L) Vacuum pumps;

(M) Internal target. The gamma-ray beam is indicated by the three
divergent lines originating at (M). '

Fig. 1. CUT-AWAY DRAWING OF THE CORNELL UNIVERSITY 300-Mev SYNCHROTRON



I. INTRODUCTION

The Cornell electiron synchrotronfaconstructed and operated with the
gsupport of the Office of Naval Research, has been producing experimentally
useful beams for nearly four years and has been operating at full energy for
over three years., Gamma-ray intensities of about 1010 "equivalent quanta®
per minute can be obtained. |

Acceleration takes plaée-in.a donut—shapéd glase vacuum cﬁamber which
rests in the gap of a toroidal electromagnet consisting of 24 C-shaped sections
with open faces toward the center of the magnet;° The magnet coill is wound
through the windows of the C's, above ahd below thé arbital plaﬁéa The magnet
is tuned to resonance at 30 cycles per second with a large bank of éapacitorsn In
pormal operation the peak flux densitj in the magnet gap is 10,600 gauss, corre-
‘éponding to an electron energy of 318 Mev E#f the design orbit radius of one.
meter, |

| Electrons.are injected into the donut with energies up to 100 Kev
with an electron gun. Initial acceleration is by betatron action; with the
betatron flux provided by;saturating magnetic shunts across the magnet gap.
The 47.7 me radiofrequen§y synchronous accelerating field is turned on at an
electron energy of 6 or g Mev as the betatron shuntis begin to saturate. The
RF resonator comprises a 45° segment of the donut, and is made of fused gilica,
coated inside and out with laminated electroplated silver or copper. An RF
voltage of 3000 volts peak can be developed across a non~conducting gap on the
inside of the resonator. Néar the peak of the 30 cycle accelerating period
the RPF véltage can be reduced slowly, allowing electrons to spill out of their
orbits and strike the target over an extended period, which is.advantageous

for counting experiments.



:‘;Magnet current is stabilized electronically through control of the genera-
tor exciting current. Electron injection time is controlled through circuits which
‘measure the relative amounts of visible light radiated by the electron bunch on
successive acceleration cycles and adjust the timing for maximum radiation.

| Radiation shielding in the vicinity of the magnet is provided by concrete
blocks and lead bricks. Radiation intensities behind the shielding can be maintaine
at low enough levels so that no health hazards are involved. In normal operation
the synchrotron is controlled and experimental equipment is monitored in another
Building, separated from the accelerator room by 30 féet of earth. |

| Detailed specifications for various parts of the machine are shown in

Table I,

Table I

General Data on Cornell University 300-Mev Synchrotron

Magnet: Toroidal type, composed of C-shaped sections arranged radially
around a circular orbit with gaps toward the center. Poles
attached to top and bottom legs of each C-section,

Weight, over-all 80 tons
Height, over-all 88 inches
Outside diameter 154 inches
Diameter of electron orbdit 2 meters
Vertical gap between pole pieces 3% inches
Number of C—sections and pole sets 2L
Average weight of C-sections 3600 1bs.
Average weight per pole piece 1100 1bs.

Thickness of steel for "C"s and poles

0.014" (29 gauge)

Number of magnetic shunts (flux bars) 24
Average weight of shunts 100 1bs,
Thickness of steel for shunts 00005"

Two oversize C-sections extend 17" beyond 154" diameter to provide

exits for gamma-ray beams from targets.



Height of each of two sections 9 inches
Outside diameter 120 inches
Inside diameter 99 inches
Vertical gap between sections 6 inches-
Number of cables in coil | 18
Number of turns per cable (L0 in each |

section) _ - 20
Active length of each cable 585 feeth
Diameter df cables . _ ‘ Oo_ikﬁ’g
Strands per cable | 61
Diemetef of cable strands : 0,0438%
Strand insulation - Formvar

Cable insulation? Glass tape, half lapped, clesr Glyptal impregnated

Bxcitation:

Generator: 1000 kva, 2300 v, 3-phase alternator; reconnected to
furnish 2300 v, single phase A.,G., 30 gcycles

Usual operating power 185 kw

Tuning: 3 banks of Pyranol condensers in series with msgnet coil.
Each outer bank 455 condensers in parallel, rated 3750 v rms,
9.3 pf. Center bank varied with desired magnet excitation:
usually 48 condensers rated as above and 352 rated 3380 v rms
and 13.9 mf. Condensers connected to bus bars by 5000 v, 14 amp
fuses. Racks of 36 or 72 connected to bus bars by switches.

Vaguum chamber (donut): Synchronous resonator is incorporated in donub
as a single section.

Material, except resonator Pyrex glass
Material, resonator Fused silica
Number of glass sections 21

Arc per glass section 15°



Arc of resonator section 45°
' Chamber cross section: Elliptical, 7-1/8" wide x 2-13/16" high
Nominal wall thickness 5/16"

Inner surface, glass sectionss Silver plated in 3/8" wide longitudinal
strips

Resonator surface: Silver plated inside and outside in 1/4" wide
: longitudinal strips

Chamber evacusted by a CVD--556 Kinney pump backing two MCPF-300 D.P.I.
diffusion pumps on opposite sides of chamber.
(3

Injections Betatron-type electron-gun injector driven by 100-kv transformar,

Coolings

Magnets Air cooled by 30,000-cfm blower, Air introduced at base of magnet,
channeled toward gap, exhausted at top. Cooling system permits re-
circulation,

Condensers: Air cooled by 20,000~-cfm blower., Air recirculated auto-
matically if temperature drops below 6QCF,



ITI. COMPONENIS

A. Magnet

1. Design

The synchrotron magnet was designed to maintain electrons in 2 cir-
cular orbit at energies up to 300 Mevw with a waximum flux density of 10,000
gauss, tﬁe corresponding gap radius being one meter. The gap height is 3=1/4
inches and represents a compromise between economic considerations and attain-
2ble beam intensity.

The magnet consists of 24 C-shaped laminated-steel sections located
radially on an orbit’cf.radius 1 meter, with gevs facing inward (Fig. 2).
The pole pieces are built up stepwise in a rough approximation of o wedge in
order to zllow an uninterrupted circular guide field. The over-all diameter
of the magnet is 154 inches: over-all height, 5§ inches; total weighit, 80 tons.
The C-sectlons are bolted to an annular stesl base whiéh is spaced about 1-1/2
feet above the floor to provide access to the center of the magnet from below.
for cooling and other purposes. Annular metal straps on top of the assembly
ad& to its rigidity. The base 1s bolted, without shock hountingp'to a2 square
concfete pad, 4 feet thick, which floaté on the building foundaiion: there is -
no rigid connection between the pad and the remainder of the floor in the
synchrotron room, The center hole in the base plate and an indentation 2-1/2
feet deep in the concrete pad under the center of the magnet provide a cen-
tral pit in which vacuum pumps are mounted and into which a man may climb to
make installations and repairs.

The C-sections (Fig. 3) are built up of vertical laminations of '
0.0l4—inch silicon steel with loss rating 0.52 watts/1b. for 60-cycle excita-

tion and 10,000 gauss peak field. The steel was obtained from the Wheeling



Fig.2 Synchrotroh During Assembly



Fig.3 Synchrotron "C" Section
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Steel Corporationl‘b° The laminations were. cul to proper shape by the Magnetic
Metals Company5° They were coated with General Electric enamel No. 95'766 by the
General Electric Company; this perticular enemel, which has a silicone base, was
chosen on the besis of performance in comperative tests of mechanical, thermsl,
and electrical properties. The laminations were stacked into C-sections at the _
New York Naval Shipyard7. where many structural members, including the magnet
 base, were alsc fabricated. Two of the C-sections hzve longer‘horizontal legs
than all the others; this a2llows their back edges Lo be displaced abeut 17
inches radially outward beyond the 154-inch magnet diameter to permit the gamma-
ray beams from the two targets within the donut tc emerge ffom the mzgnet without
striking any C§sections; |

The pole pieces, i.e. the verﬁical members of the C-section which form
the gap, are also of laminar structure. They were stacked separately from the
rest of the C-section and are merely clamped in place for ease of assembly, ease.
of adjustment of gap height, and  to permit installation and removal of donut
sections. Since the clamping plates cover the pole pieces for oﬁly e fraction
of their length, the pole pieces were vacuum—impregnated with Permefil6 after
stacking, to help bond the laminations.

To provide central flux through the donut for the betatron stage of
the electron acceleration, small vertically-laminated steel shunté, called flux
bars, are placed zcross the pole pieces, thereby linking the donﬁt. They are
held in place by means of metal straps. Flux-bar laminations are of 0.005-inch
Ar‘mco8 silicon stesl insulated with a coating of Carlite8: before stacking, they
were varnished and beked by the New York Naval Shipyard7. The flux bars provide
a flux of up to 20,000 gauss saturating soon after synchronous acceleration be~

gins. Plux bars are separated from pole pieces by horizontally—laminéted steel

- pads which are(designed'to channel the flux from the pole pieces to the bars



with minimum eddy curments, or flux drainage, in the pole pieces; this serves
to minimize heating loss aﬁd magnetic phase shift in the pole pieces due to eddy
currents. | |
The coil for the magnet (Figsf 1 and 3) is made up of 18 half-inch
~cables connected in parallel outside the magnet. These éables'are stabkéd
vertically and are wound helically through ZO‘turnSo The vertical array of
cables in a turn is separated frcm ad jacent turns by woeeden spanéﬁé l/gwinch
thick which are impregnated with paraffin. The coil is wound in two equal
sections of 10 turns each shove and below ﬁhe gaps; bthe 18 connentions_betwsen
cables on eithsr side of the gap are equally spaced arcund the magneb. . The
cables are of stranded copper. Hach sirand of the cable is coated with
FormvaréD ent. the cable itself is wrappsd with two layefs of glaés tape. The
coil was dbuilt by the Hyre Electric Companygo
In assembling the magnet, the coil was mounted on the base before
the dmsectionso The pole pieces were clamped to the C-sections after the
latter were installed around the coils then flux bars were added.
‘As designed, the magnet can store energy up to 70,000 joules or ﬁorar

without saturating.
2, Excitation

A disgram of the magnet excitation circuit is given in Fig. 4. The
generator, which is driven by a 3-phase synchronous motor, is a B_phase delta-
connected alternator reconnected to furnish single-phase current at 2300 v and
30 cycles. At usual magnet excitation {2500 amps r.m.s.), the generator output
is 80 amps; this causes a slight overload in one of the»geherator windings,
whizh are‘rated at 50 aups r.m.s. each. The field excitation for thé generator
is supplied from.a direct-current motor»generator.whose cutput is controlled

through a motor-driven potentiometer.
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G Generator: IB85KVA At 2300 Volis, 30 Cycles
R Stabilizing Resistor: 0.9 Ohms

S Variable Inductor And Resonant Condenser
B Circuit Breaker | |
C, Center Condenser Bank, Variable

C, Outer Gondenser Banks |

Fig.4 Maognet Excitation Gircuit
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The resistance R was inserted in the circuit for stability on the basis
of initial excitatioﬁ tests.,
| Eaph outer condensgr bank G, coneists of L55 Pyranol A9 condensers raied
at 3750 v rms meximum and 9.3 pf for 30—cycle-operation° Because the flﬁx bars
saturate at a low value of the field in the magnet gap, the inductance of the
magnet deoes not remain constantQ but depends onﬁthe degree of mzgnet excitation.
At low values of rms magnetb current; the inducgénce is aboul 40 millihenries,
while at usual excitetion (2500 amps rms in the magnet), it decreases to about
one-third of this value., The center bank of condensers C; ir always gdjmeteﬁ
to allow the generator to run at unity power factor for the desired level of
excitabtion, For usual excitation, the capaciiy of the center Tank is 59340;rfn
making the total of C1 and CZ 13.8 mfo‘ In preparing to run at lower excitation,
condensers in the center bank are disconnécted b& removing individual fuses,
or by opening switches for whele racks of 36 or 72 condensers. “ondenser racks
aﬁd bus bars are of aluminum, with arc-welded Joints. Some of the condensers
in the center bank have a rating of 3380 v rms and 13.9 pf at 30 eycles, which
is somewhat different. from the outer bank rating given above, |
The dependence of the magnet inductance on the excitation current

presents a problem in starting up ﬁhé magnet. The generator breaker is closed
with the generator voliage set near zero; then the excitation is inereased to
the desired level by increasing the generator field current. With the condenser
varks set for resonance at high excitation, the circuit is far off resonance
at low excitatlon during start-up, and the load tends to draw a large leading
curren&§~from the generator. In.ordar to avoid excessive leading current,
which wéuld tend to self-excite as well as overload the generator, the variable
inductor S was placed in the circuit. The inductor*ﬁas an iron core, approxi-
mately 15% x 15" in cross section, made up of spare laminations from the syn-

chrotron magnet. The core is wound with two 4l-turn coils of 500,000 circular
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mil stranded copper wire. The reactance can be varied from about 1 tp 17 ohms by
moving part of the core along a planer bed with a motor-driven screw. The inductanc
is at a minimum when the generator breaker is closed, and is automatically increased
at a sufficiently fast rate that the generator power factor can easily be kept neer
unity as the excitation is increased. A small condenser benk is connected across

the inductor $o tune it to 30-cycle rescnance at meximum induectance., The breaker B

opens to take the inductor out of the circuit when it has reached maximum induc-

tance. At shut-down, the process is reversed. This device has proved simple and
effective for reaching high excitation without drawing excessive leading curren§
from the generator,

Power dissipation in the excitation circuit at 2500 am?s magnet éurren@
is about 185 kw, of which about 100 kw ig dissipated in the magnet, aboub 60 kw is
dissipated as heat in the condensers, and the remainder is dissipated in the sta-
bilizing resistor, generator windings and bus bars,

The characteristics of the magnet excitation circuii are shown in
Fig., 5, where the rms magnet and generator voltages and the psak flux density
in the gap are plotted against rms magnet current. The flux density was measured
by comparing on an oscilloscope the integrated voltage signal from a coil of known
area in the gep and the signal from a known voltage source., The non-linearity of
the curves in Fig. 5 in the region of low magnet current is due to the presencé of
flux bars in the magnet. At low currents, when_thé flux bars are not saturated
throughout most of the cycle, the magnet induotance is high, causing steep slopes
in the two voltage curves; as the inductance decreases, the slopes decreasz, The
peak flux density curve would be linear through the origin if the magnet current |
were truly sinuscidal; however, because of the flux bars, the magnet current is
not sinusoidal, but has roughly the shape shown in Fig. 6. The precise shape of
the cﬁrrent wave form varies with excitation. The non~1ineariby'of the flux curve

results from reading the non-sinusoidal current with an rms ammeter,
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Magnet current tends to fluctuate and drift as various components in
the excitation circuit warm up or cool during synchrotron operation. Because
a steédy excitation level is necessary for consistency of beam energy, an
automatic current control system is included in the excitation circuit. A block
diagram.of the contrdl system isvshpwn in Pig. 7. Megnet curren@ is brought up

to the desired value by manual regulation of B;; then R,

) is set manually teo hold

the desired current with the Bréwn amplifier switch closed. If the magnet
current varies, the Brown amplifier output pulse will make one of the 6L6 tubes
conducting. The direction of the signél ta the Brown amplifier depends on
wheﬁher the magnet current is toq large or too small, and determines which of
the tubes will be condufting-(ioso during which part of the altefnating—current
cycle the output pulse #ill be formed). The amplidyne has two opposed inputs
which cause the amplidyne to rotate the motor M3 in opposite directions, depend-
ing upon which tube is conduciing. The amctor drives RB 80 as bto compensste the
generator field excitations to oppose the existing variation from the selected
nagnet current. A motor-driven rheostat was used in preference ﬁq an electronic
rheostab coﬁtrol because the mognet current takes a long ﬁime (a few seconds)
to respond to excitation changes and would necessitate the incorporation of huge
delays into an electronic control: special delays are not necessary when a slow
motor is used, This current-control system holds thé rms magnet current to
+£10 amps in 2500, or®x0.4%. Its operstion is stable in the short run, but
there is some drifting in the system which necessitates the resetting of R,
after several hours of stezdy operat"iqnn

The synchrotron mezgnet was originally operated at 60 cycles,_but was
converted to 30 cycles in order %o reduce the megnet heating, lower‘the minimum
‘voltage requlired in the radiofrequency resonator, and reduce the effects on
field perturbation in the gap due to eddy currents.

Excesgive heating in the magnet can cause the electron beam inteﬂsity
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to drop to low values, or even zero; the reason for this effect is uncertain.
Other deleterious effects of overheating are softening of the ceﬁent which bonds
donut sections, and possibly decomposition of the interlaﬁinar insulation in the
magnet, Halving the excitation frequency halved the hysteresis Iossy the eddy-
current heating loss, which is proportional to the square of the:excitation |
frequency, was reduced to one-fourth by the change.

The minimam radicfrequeﬁcy voltaege required in the réscnatﬁr section
of the donut is determined by the energy fo which the electrons are to be
accelerated and the time avaiiable for ascceleration. Halvinpg the excitation
frequency doubled the time availlable for acceleration.in each cycle; and there-
fore halved the minimum voltage required ascross the resonator gap for accelersz-.
tion to any given energy. Since it is difficult to maintain large voltiages in
the resonator, the effect of the change to 30 cycles was to make it eésier‘to
attain the maximum acceleration corresPonding.to peak guide flux density in the
magnet gap. |

Perturbing fields due to eddy currents are proportibnal to the excite-
tion frequency; for a given peak field, however, the value of the main field at
injection time is independent of ﬁhe excitation rate. Therefore, when the
excitation ffequency was halved, the relative perturbing effect on the main
field due to eddy currents was reduced proportionally.

The change to lower excitation was Justified by the resultant improve-
ment in operation of the synchrotron. The changeover required little rebuilding
of components of the excitation circuit: a different generator had to be ob-
tained for 30-cycle operation, several turns had to be added to the coils of
the variable inductor, and more capacity had to be added to the magnét and the

inductor condenser banks.
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3. Cooling

Temperature in the magnet is measured with thermocouples attached to the
pole faces, which are the hottest parts of the magnet. Although the insulating
varnish is supposed to be stable up to 12005, the magnet, in the interests of

safety, is never operated with the thermocouple reading more than 70°C. No evi-

dence of deterioration of the interlaminar insulation has bheen found to date.

The magnet is air-cocled by a 30,000-cfm blower which can drzw 2ir from
outside the building or from s 2-compresscr ajir-condiiioning unit. Good weam in-
tensity is obtained when cooling air enters the magnet a2t zbout LO°F, Aﬁ the
ususl excitation, with 2bout 100 kw of heat loss in thé magnes,; the air exhausis
at”about 6OOF and ﬁhe thermopouple reading stayé at about 65060 The outdoocr tem-
perature determines how much of the cocling air should be recirculsted through the
air-conditioner, brought in from outside and refrigerstied, or brought in from out=
side without refrigeration. About 70% of the magnet cooling air is the most that
can be recirculated through the compressors,

Cooling air fér the magnet is introduced from two ducts at the base and
exnausts into a single duct at the top. Airtight cenves panels are connected to-
gether by zippers.to cover the outside of the magnet beiween the ducts and force
the airflow through the magnet. Canvas and wooden baffies vetween CG-sections and
in the center df the magnet channel most of the air through the region around the
28D, Qhere heating 18 most serious,

Since the refrigerating system includes no humidity control, cars must
be taken not to blow saturated air through the magnet when the megnet is cooler
than the cooling air, as it may be at stari-up: synchrotrons do not operate well
in the rain.

The condenser banks associated with the magnet are located in a locked

room which is cooled by a 20,000~-cfm air blower. At usual excitation, the heat
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dissipated in the condensers is about 60 kw. Cooling air is drawn from outdoors
without refrigeration because even bn hot»days the temperature in the Condenser
room does_not get higﬁ.enough to cause any damags, However; the DLlower sutomaiti~
cally begins to recirculate the cooling air if the temperature in ihe condeﬂseﬁ
room falls belcw 60°F,

Outdoor air for boih blowsrs is drawn through = single larpe filber

system.

4, Fleld Measurements

Pole profils

The profile of the magnet pole pieces was designed largely on the
basis of 2 model-testing program. The requirements for the pole pieces, set
on the basis of theoretical =nd ecconomic considerations, were:

1, The field in the gap should vary as r“2/3 over & region at lzast
5 inches wids. (r is the radius from the center of the magnet.)

2, The vertical clearance inside the donut should be 2 inches at the
electron orbit, which means that the gap height at the orbit
should be 3-1/4 inches at the orbit to sccommodate the donut.

3. With a peak field of 10,000 gauss at the orbit, the average flux
density in the pole pieces should not exceed 12,000 gauss and no
sizable regions of saturation should exist.

L, The profile should consist only of straight lines for ease of
fabrication,

The third reQuirement was satisfied by having the pole pieces‘beveled from
a radial width of 15 inches to 7-3/L inches at the gap. The bevels meke an
angle of 35%° with the vertical.,

Preliminary measurements of field characteristics between pole
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pieces were made in an electrolytic bath., The electrodes were double-scale models
of the pole-piece profile (15-1/2 inches wide at the gop), and their shape waé
copied from the polg—piece profile of the University of California syn;::hrotron°
Measurements were made with this original shape and with éeveral modifiéd shapes
to determine the effect on the field plot of small changes in the profile.

Further messurements were made in thé gap of a 1/3—scale direct-curreans
model of the magnet consisting of three adjaceﬁt C~sections with pole pieces
which were desigﬁed on the Dbasis of the preliminary measurements. The iron in
this model magnet was machined from boiler plate, except for thé pole pieces and
flux bars, which were of cold-rolled stesl, Fileld measurements in the gep of the

center C-section were referred to the field at 2 fixed point in the gap of one of

the outer C-sections. Mesasurements were made by a null method using a dbridge

circuit and two search coils; one coil could be moved in the center plane of the

center C-section gap, while the other was fixed st a reference point in an outer
gap. Values of relative field could be repeated to 0.1%. The search coils used
for most of the plotting were a palr with these features: 0.D., 5/32": I.D., 3/647:
length, 3/8"; winding, 1350 turns of #40 Formex wire: resistance about 45 ohms.

In order to measure the field undef conditions simulating the opersfion
of the synchrotron magnet, the model was run through a complete hysteresis cycle
and the fluxméter throw was observed on a father small changé}bout zero field, A
tyﬁical cycle consisted of respective current values in amperes of +10, -+ 80,
-80, =10, + 103 the fluxmeter was observed during the final step. |

Because the pole profile does not have eylindrical symmeiry, it was
necessary to determine the average dependence of the field on r for all azimuthal
angles @ from the radial centerline of the center C-section. This was done by
taking readings at intervals of 1950, from 820 to 8=7.5, for each value of r,

The average r dependence of the field H was found by numerical integration of
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the expression

Hp)= —H= H(r,0) 48 . (1)

The results for the three model pole-piece designs are plotted in Fig. 8. The
dimensiong of the models are given in Fig. 9, together with the final dimensions

determined from this testing program.

Flux bar design

Irnitial acceleration of electrons by the betatron princicle requires
2 rapidly changing flux inside the orbii: to maintain an orbit of constant
radius r, the flux @'inside the orbit must be related to the flux density B at

the orbit by the relation

a0 == 27r? 4B . (2)

The central flux required for r ::40”.13 sbout 5 times the lesksge flux from
the magnet poles. The necessary flux is provided by placing flux bars of
laminated iron in shunt across the magnet gap. The reluctance of the.shunt
path is adjusﬁed to satisfy the betatron condition, Eq. (2), while the flux
bars are unsaturated. As the current in the magnet coil rises, electfons are
acceleréted by betatron action. As the magnet current becomes large and the
flux bars begin to saturate, the central flux becomes smaller than that re~
quired for a stable betatron orbit, and the orbit radius begins to shrinks at
this time, power is applied to the radiofrequency resonator to continue
acceleration by the synchrotron method.
The maJjor conditions to be satisfied in designing the flux bars were

the follewing: | |

1. The reluctance of the shunt path should satisfy the betatron condition.

it was decided to accomplish this by providing for variable air gaps
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between the flux bars and the C-sections which could be adjusted as re-
quired.

2. The flux-bar cross section should be as small as possible. A large cross
section is undesirable for several reasons: it makes the mognet gop less
accessible; it causes excessive energy storage in the flux bars: it mskes
excitation more diffiCult by causing larger generaztor currents st steri-
up. However, the cross section must not be so small thatrthe flux bers
saturate and the orﬁit shrinks before the electrons have reached the
relativistic velocity required for transition to synchrdnous acceleraiions
the instantaneous orbits for betatron and synchrotron action should he the
same at the time of transition.

3. The flux bars should be short to minimize energy storsge.

L, Flux bars should not perturd the field.in the gapé this is mdst easlly

accomplished by placing them some distance from the poles.

The behavior of flux in the bars as a function of.m?gnetiziﬁg field was
studied by means of a small, laminated alternating-current magnet and models of
flux bars. The magnet was operated at 60 cycles, which was the frequency then pro-
posed for the synchroiron. The measurements involved the determination of the ratic
of the rate of change of magnetic field in the bars to the rate of change of mag-
netizing field as a function of megnetizing field. Using these measurements, the
degree of non-linearity between flux in bars of a given area and field in the gap
was calculated for the full-scale machine. The cross-sectional aresg finallj chosen

was 11.9 in2

per C-section, which gsve a calculated veriation in orbit radius of
0.8"; the mezgnetic field at the orbit at the time of transition (i.e. when the
electrons have been eccelerated to 2 Mev) wes calCulated to be 82 gauss. Later
measurements showed the flux bars were actually over-~designed, 2nd the cross-

2

section area was reduced to 10.2 in®~., Xven with this reduced cross section the

fluxz bers are still over-designed since in a2ctual overation the transition to
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synchronous acceleration is not made until the electrons heyg reached an énergy
of 6 or 8 Mev.

Heating losses in the flux bars were elso inveétigetedo Because.the
flux in the flux bars changes very rapidly es the megnetic field goes through
zero, and because eddy losses are proportional to the mean square value of the
rate of change of flux density, there is a censiaerable heating effect in the
rars due to eddy losses., Also, because Saturaﬁﬁon.ocﬁursrin the flux bars ag
the wegnet current goes through_its meximum, there is severe heating luss due

h 1

to hysteresis; magnetic flux density is about 21,000 gauss in the flux bars ai

=T

osses were calculated from teste on flux bar

s

the peak of the cycle, Eddy
models using the alternating current magnet described sbove. Hysteresis losses
for various magnet steels were determined from the manufaciurers? pérformanee
data. The %type of steel and thickness of laminations in the finel design were
determined after considering available cooling cepaeity, sllowable temperature
rise, and cost. For operation at 60 cycles, it was estimated that losses in the
fiux bars would be approximately 0.2 watt/lbo due to eddy currents and 3.5
Watts/lb; due to hysteresis.

To provide maximum access to the mégnet,gap9 the flux bars were
shaped %0 cover only part of the face of the inside e&ge of the pole piece; %o
further conserve space, the bars were located off center on the pols faces--
ailternately close %ogether ard far apart on adjacent C-sections. In order to
minimize flux drainzge across laminations in the pole pieces due Lo these two
design features of the flux bars, pads of laminations were included between the
ends of each flux bar and the pole pieces which it bridged. Each pad consists
of laminations in the horizontal plane, stacked 12 inches high, l~1/2 inches
wide radially, and extending across the exposed face of the pole piecé: it is
separated from both the flux bar and the pole piece by air gaps whicﬁ cen be

adjusted by paper shims. The function of the prds is to draw flux from the

pole pieces in a fairly uwnifoerm manner. diminishing local variations in field
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strength at the main gap of the magnet.
The length of the flux bars is 38"; on the basis of model testing, this
was considered the shortest length which could be used with the assurance that it

would not perturb the field in the magnet gap.

Betatron condition

The flux bars in the completed full-scale mzgnet (operating at 60 cycles)
were adjusted to satisfy the betatron condition, BEq. (2), with the help of the
bridge circuit shown in Fig. 10.  The pick-up coil was a carefully constructed

flat coil with 30 turns in the form of = 300 sector of an annulus of radisl width

3" and mean radius 40" which could be positioned anywhere along the orbit in the

magnet gep. The single turn flux loop was pleced in a milled slot in = plywaod
annulus in the magnet gap; its radius was that of the desired betatron orbit

(r = 39—7/8 inches). The signals from theée coils were fed into the bridge cir-
cuit, gnd the oscilloscope was used as 2 balance indicetor. An integrsted éignal
from the flux loop was used to produce the horizontal deflection becaﬁse it was
desired to study in detail the balance near zero flux. The variable resistence

R, was adjustéd to show% zero vertical deflection of the oscilloscope trace at the
time when the guide flux density was zero; this time was marked by a signal from

the peaking stfip, When balance is achieved, the following condition holds:

ab/as . Re
dB/dt By

() o (3)

where N and A are the turns and area, respectively, of the pick-up coil. Eq. (3)

is called the betatron ratic, The paper shims which determine the sir gap between
flux bars and pads were adjusted until the betatron condition, Eq. (2), was éatis—
fied for r = 39-7/8 inches. A correction coil, dgscribed below, is used for fine

adjustments of the betatron ratio.
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The same circuit was used to measure the rate of change of the betatron
~ratio as the flux bars saturate. Readingé were recorded of Ry for balance at’
various horizontal distances along the oscilloscope trace. The horizontal écale
was calibrated by pubtting 2 known 60-cycle voltage through the integrator and
comparing curves. Relative decrease of the betatron ratio from the ratié at

. B = 0 was plotted against B up to B = 280 gauss. This plot varied roughly quad~
ratically from O to 0.04. The shrinksge of the electron orbit during betatron
acceleration due to the decfease in betatron ratio is

A..;I:,:%. E 4B , 7 ' (4}

r
Q

where B is the relative decreagse of the betatron ratio from its unsaturated valiue.
Since the varistion of B with B is roughly quedratic, =2 good approximation to this

relation is

E . (5)

At the transition flux density at the orbit of 82 gauss, E is about 0,004: thus
the shift in orbit ratioc is only about 0.05", which is much less than the value

0.8% which had been estimated from the flux bar design.

Badial dependence of flux density

Measurements were made in the gap of the completed magnet to see whether

the redial dependence of flux density met the condition for a stable orbit:
Z % N | '
B(r) = 3, (=) 6)
T .

11
wnere the subscript designates the stable orbit, and 0<n<1l. (Courant gives
other limitations on n.) The pole profile was designed to give n = 2/3.

Two quantities were measured to check the radial dependence of the flux

densitys the time derivative of flux density as a function of radius, and the



differences in time at which the flux density goes through zero at different

2

radii. At high densities, small phase differences have no effect; bui at low

densities, when the electrons are injected, the effect of phase difference can
be very great., The influence of phase difference is shown in Fig. 63 (2) gi#es
the vériation of flux density wish time durirg a quarter cycle: (b) is én E&Kew
panded plot of the reglon near the origin, showirg the behavior of the flux
density at radil, assuming in one cass no phase difference and in

the other ifference :S;c It can be seen that & phase difference

L3
can seriously affect the radial dependence of the flux density. As e first
approximaticn, the effective value of n in Eg. (6) cen be expressed
| f . r o
“agf =BT g0 T g% E S &

where n is the exponent obtalned from moasuring *he tims defﬁc“tive of flux
dansity as a‘functioﬁ of radius, d;?/dr £8 thas phase lag per centimeter increase
n radiuéﬁ and B is the flux density a% which n_¢p is measured

The rsla*ive time derivatives of the flux €ensisy et half-inch incrs-
ments in radius wsre meagured u31ng a circeit simiier to that shown in Fig, 10,
Voltages from two similar coils, ons fixei and oas movabtle, were compared on
the bridge. The ﬁoils weré again 306 sgctors of an annulus, but only l/z'inch
wide, Measurements were taken over the entire a: zirath, and plots were made fér
azimubthal incrémen@s of 1500' The logarithmic slopes of these pléts varied
slightly from ny«=--=2/'3"D tut stayed withirn the limits of zero and oné over a

egion 5-1/2 inches wids,

The relative phase ai some 3000 psints in the center ﬁlane ol the gap
was measured by comparing the ﬁiming on an oscllloscope of signalé from a fixed
and a movable peaking étripo Readings were %aken with the movable sirip at
five different radii in the gep. The 1limit of error for each observation of

phase difference was 0.1 usec. FPhase difference from the arbitrary fixed
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point was plotted as a function of azimuth for each radius; the plots were super=
imposed for comparison. It was found that phase does noi chaenge with radius near
the center of a pole, but that in the region between C-sections there is con~
siderable lag with increasing radius. The effect is caured by flux fringing oub
of the sides of the poleé into the spaces separating them: 1t becomes more sérious
at largef radii where the spacing betwsen poles is greaterov The fringing flux
crosses laminations, inducing eddy currents in them which produce the ngginé
component . |

Relative phases were averaged over azimuth and gave the following re-

sults for G0-cycle exciitation:

Redius (inches) Phase lag (usec)
38-3/8 0
39-3/8 : 0.11
40-3/8 0.31
4§1-3/8 . 0.68
42-3/8 0.99

The phase lag in psec/cm is seen from these results to be as high as 0.15.
Conversion from 60-cycle to 30-cycle operation reduced the lsg and also dB/d%
by a factor of two. The solution of Eq. (7) for 30-cycle operation, injection
of electrons at 100 kev, and acceleration.to 300 Mev (n =2/3, df/dr ;;0,075
pséc/cm9 dB/dt = 0.7 x 106 gauss/sec, B = 10.8 gauss) is Bogp = 1.15. This
indicates that the electron orbit is unstable: but it is closer fo stability
than with 60-cycle excitation., To bring Roep down to a value between zero and

one, correction coils were installed in the magnet gap; these coils are de-

scribed below.



Azimuthal variation of flux density
Phese differences between poles produce azimubhal flux density varia-
t{ons which can distort the betatron orbit, especially at injection time when

the flux density is lew and the variaiion To determine

o

tne magnitude of these variations, phase differ-
erzs at ons radius (r == 40-3/8 inches) were averaged over each pole and plotted
a5 2 funciion of the pole number (azimuthally ordinel). The plot is given in
Pig. 11, This curve was analyzed for its content of the first three harmbniss°

Bohm and Fo*dv " have shewn that if the fiux density is expressed

” c;? 5 i
B = B{r) {1 + }; by coa{f0 “%-ng)} ! {83
P . g4

wiere Blr) is flux density as a funetion of radius, £ iz an azimuthal harmonic

bl 2
0 1s azimush angle, o is a constant, and b is the ratic of hsrmonic component
*o B{r), then the oscillations induced by the harmonics will have a relative

ampiitude

g
PLes

— b ' |
= ) ——f cos(fe + %) , (9)

fo=1 f'i&nef.p =K
"here n .. 18 the exponent in Eq, (6). From Eg. {9) it can be seen that the
~ow harmenics of the azimuthal veriations are the mosi serious, Table II gives

=2 solution of Hq., {9) {assuming Boep = 2/3) for acceleration of electrons $o

Il‘(-.

vo Mev under two different conditions: the first with 60-cycle excitation and
sLischion at 70 kv +4he second with 30-cycle excitation and injection at 100 kv.
sultsg clearly indicate how the relative importaence of azimuthel phase
“.-f%s decreases when the excitation rate is decreased and the injection voltage
-8 increased, The total amplitude for the first case, which is typical of the
e2rly operation of fhé synchrotron, is of the ordsr of the width of the donutj

LT necessitated the installation of a series of correction windings, which ars

31
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izscribed below., In the second case, which is more typlecal of current operation,

correction coils are still necessary.

Table II

total amplitude is only of the order of a centimeter or so; however, the

Bffect of Azimubhal Variation of Flux Density on Gep Fiux

and on Radizl Oscillations a2t Injection, with Acceleration %o 300 Mev

™ 60y, 70-kv injaatién. 30n; 100-kv injection
| Azimuthal : :
Harmonie Rel. Magnitudes | Amplitude of Rel. Magnitude | Amplitude of
' T of Heirmonic Induced Cseo, of Harmanic Induced Osc,
b, arfr  be | Hr]e
1 0. 034 Q,051 0.0065 0, 0097
2 0,115 0,030 0.0214 0,0058
3 0,074 0,009 00,0148 0.0017

Radial varistion of flux density

The methed used for correcting phase shifts in the flux density is
indieated schematically,in Fig. 12, Ths redial dependence of the phase is
corrseted by six single-turn conceniric ennular ccils above the donut and six
telew. Rach coil is insulated and has'an annular width of one-inch° Gorre=
Sppnding coils above and bLelow the denut are connectéd in series. A single
annular loop and return surrounding the gap flux only drives 2ll of these cor-
regtion coils through a series of variacs. By adjusting the respective variacs,
The individual coils may be excited with either a lagging or a leading phase to
correct for the distortion already present, Large variations in setting of the
variacs do not have to be made for different excitation levels because the
correction remains spproximately proportional to the voltage induced in the

driving loop. In the latesi design provision is made for a differential



Fig.12 Phase Correction Coils
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agjustment of the top and boitom coils, to pefmis raising or lowering the medien

plans of the magnetic fisld,

Azimuthel variation of flux density

The azimuihal variations are corrected by six independent ssis of wind-

ings on the back legs of the G-sections. The number and direction of turns on

w

‘the C-gection: which are associated with these six windingg represent sine and
cosine configurations for the first thres harmenics of the azimuth, Fig. 12
snows the patiern for a winding to correct the first harmenic: if it is to be
*ﬁe sine winding, the cosins winding would be idsnitical in pattern but displaced
by 90% in azimuth. All of the windings are driven from a single Zooplenalcsing
all the magnet flux through variacs which permit adjustment for the amplitude of

each harmonic and the relatiive amounts of sine and cosine componentso'

Oversizs G-sections

Because of the increased iron path in the itwo Gmsec%ions which extend
radially beyond the others to provide a space for emerging gsmma-ray beams, thess
sections lag in phase, The lag is dorrected by.winding several turns around'the
back legs of these sections and pubting through them snough 30-cycle current in
thase with the fest of the excitation circult to compensate for ithe lag.

6. Adjustmsnt of Betatron Rabio

The section above on megnet field measurements discusses the betairon
T2%10 measurement and adjustment to satisfy the betatron condition by changing
“12 air path between the flux bars and pole tips, It is both difficult and un-

nhiessary to try to satisfy the betatron condition to better than a few tenths

9+ & percent with this type of adjusiment, because a much easier method has

been provided,



Fine adjustments in the betatron ratio ars made with the magnet in opera-
tion. The changing central flux at the beginning of the excitation cycle induces
a voltage across the ends of a coil which encompasses all the flux bars. The ends
of ths coil are connected to drive a variac rated ai 750 v and 50 amps. An IR
circuit is connected between one end of the variac and its movable centertap in
order to provide a variable impedance across the driving coil. Varying the im-
pedance varies the current which flows in the coil. The dire¢ti6n of the gurrent
is always such as to reduce the raie of increase of central flux and, therefora,
reduce the betatron ratio in the same proportion. By moving the centeriap the
betatron ratio may be reduced by as much as 1/2%. An rms smmeter is inﬂﬁuﬂed in

the circuit as an adjustment indicator.
7. Performance

The magnet generally opsrates under conditions for =cceleration of elee=-
trons to 318 Mev at peak field (315 Mev at the target); this means a peak gap flux
density of almost 11,000 gauss., At this level of excitation, the magnet curfent
is 2500 amps rms; power dissipation in the magnet alone,_as determined from bobh
electrical measurements and cooling requiremenis, is about 100 kw, Calculations
basad on the loss rating of the magneit steel predicted that the magnet power con-
gumptiocn would be only about one-helf as large; the excess losses are believsd
due to eddy currents, but are not understood. The magnet has séveral times been
run successfully at 2700 amps rms for periods of a few hm'n"s°

Operating time for the magnet is about 22thours/day on a good run.
Continuous runs extending over a period of days are possible virtually all year
round, but on some of the hottest summer days shut-downs of 1/2 or 1 hour in 24
are necessary to prevent overheating. Shut-downs are occasionally necessary
because of breakdowns in different parts of the synchroirons failure of any part

of the magnet itself is rara. The most frequent breakdowns are due to vacuum
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jeaks in the donut and resonator or burned-out injector filaments.
Because of poor accessibility, common repairs tske appreciasble tims.

For example, it requires 8 to 12 hours to remove znd replacs & section of the

o

onut, The process invelves dismantling the magnet $¢ the extent of removing
several flux bars and 1ifting a pole piece, as well as removing pazri of the air
exnacsh duct and opening the canvas cover which surrounds the megnei.

Examination of the magnet during periods of shut-down has jurned up

(]

exid

[

evidence of detericration. Flappluz of Jlaminations on the coruners of the

g

sle tips causes soms pleces o break off and fall sul, even though wedges are
inserted beiwaen pole tips bto minimize flapping. Some of these dislédgad plecen
of steel have caused short circulting of the corrsction coils in the megnet gap,
necessitating the insiallation of heavier insulation to protect these coils,

ng dig-

-

fuc

Some of the wooden spacers betwesn burns in the magnet ceil ere be

1

sdged; but no major demags to the ¢oll has occurrsd, although two short cir-
cuits have developed., There has been no evidence of any deterioration of the
insulation beiween magnet laminations, The condensers have offered no special

problems, and show no signs of deterioration,

Be Donizd

The asceleration of electrons in the synchrotroﬁ éczurs in an
gracuated chémbef which has the form of a holleow donut and which i{s placed in
the gap of the magnet. For opiimum performance, the pfoperties required of the
donut are:

1. Strength. The donut must not faill or distort when evacuated or when
subjected to thermal and vibrational stress in the magnet gaﬁu
2. Vacuum tightness. The donut must sustain a good vacuum, must not lsak

¢r give off gases. This minimizes beam losses by collision.
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3, Maximum cross section. For given height and width of the_magnet gap, the
donut cross section should encompass the maximum area of useful guide
field in order to maximlze the size of the mccelerated beam.

L. Absence of magnetic properties. To avoid distortion of the field in the
gap, the donut should be non-magnstic.,

5. Charge dissipation, ZElectron bombardment should not cause-qharge accumila-
tions on the donut walls which set wp unwanted electric fields and distort
the beam trajectory. ”The.inside sufface of the donut must be conducting,

but it mast not permit large eddy currents,

The donut presently in use (Fig. 13) is constructed of tweniy-one

straight Pyrexlj glass sections, each taking up 15O of donut arc, and one 456

curved resonator section of fused silica. (The resonator is discuszed elsewhers
in this paper.) The donut cross-section is oval, with outer dimensions 7-1/8
inches wide by 2-13/16 inches high. Wall thickness is nominally 5/16 inches, bub
this dimension varies by as much as 1/8 inch in the glass sections, The glass
sections are all 11-1/2 inches long,ét the outside edge: their ends are ground flat
at an angle of 750 to this edge, so that the sections will each take up 15° ofrarc
when their ends abut, |

Fabrication of the glass sections was carried out at the Corning Glass
Works, Corning, N.Y. The sections were first blown and cut to approximate size,
then ground to proper length and angle on a wei=-belt sander. After coating the
inside surface with'a conducting layer (discussed-below)9 the sections were tem-
pered. They were tested for strength with 45 psi external pressure. Removal of
blemighes by end-lapping completed the fabrication. -

Not all of the glass sections are simple toroidal sectioﬁso Some of the
sections have side arms of 2-inch diameter Pyrex pipe protruding at right angles

from the inner or outer edge; to these pipes are attached vacuum-pumping tubes,



ot

Fig.I3 Resonator and Donut Section
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the injector, targets, and detectors. TIwo sections contain 6utside ports set at an
angle of 306 to the edge to provide exits for the gamme~ray beams from the two tar-
gets; these ports are covered with thin lucite windows go minimize the production

of gsecondary electrons in the besm while maiﬁtaining vaguum—tightness in the donui.

Joining and vacuum-sealing the donut sections was one of the major prob-
lems in the completion of the synchrotron. At present, the glass sections sre
cemented together in groups of three with Vinylseal Cement type T?hm9°1“ Vecauim
seals between adjoining groups are made with 1/16~iméh molded neoprene gasikets of
L-shapsd cross-section. One gasket is stiretched like a sleeve over the ouiside
edge of each abutting section. Thess sections are then clamped together in twr
places By tightening bakelite screw-type clamps hooked over bakelite "ears" attacy
to the sections., The ears are attached to the outside and inside edges of a secti
by cementing; lashing with fishline, varnishing the bakelite and fiéhline with
Glyptall59 and baking.

When the entire donut is installed in the magnet gap, its position can
be variedvand the pressure at the fluxible joints increased by tightening geveral_
bakelite yokes which fit égainst the donut. These yokes are adjusted by means‘nf
threaded bakelite rods which extend from the yokes to the ocutside edges of the
magnet Casecﬁions, passing between the magnet coils,

The donut is evacuated by a Kinney type CVD-556 fore pump16 and two
Distillation Products type VMF-260 diffusion pumpsol7 The vacuum attainable, as
measured on an RCA type 1949 ion gagel8 near the diffusion pump, is generally
about 1072 mm Hg, and has been as low as ZLO“"6 mm Hg.

The conducting inner surface of the donut must prevent charge accumula-
tion and yet be of sufficiently high resistance to keep eddy currents from inter-
fering with the guide field. The synchrotron was originelly operated with the
donutls inner surface coated with a thin layer of evaporated chromium: this coating

did not stand up under the intense electron bombardment near the injector. The



donmut sections in present use were painted with silver paint before tempering,
then plated with a half-mil layer of silver. The coating is divided into 3/8-
inch lengthwise sirips by scribings this keeps the eddy-vurrent effaect very

small, However, since iests indicate that sufficien% charge can accumulate on

the scribe lines to degbroy the electron besam, the lines are cecated wi

ot
l§

poor conductor; India ink and varicus "dags" have proved satisfactory for this

purpose.

saign reguirements

Synchronous acceleration is acc0mplished by radiofrequency methodsv
similar $o0 bthose employed in the General Electric Company zand Berkeley electron

: 1s
synchrotrons, Accelerating voltage is developed across the open end of a
quarter-wave resonator (Fig. 13) so construcied that it forms o section of the
vaguum chamber; or donut. A modulated oscillator supplies radiofrequency power
t6 the resonator through a transmission line, The électrical specifications
which the sysiem must meeb ares

1. Frequency. The period of the radiofrequency volitege is just the tims

4

of revolution an eleciron in the gap. For electrons traveling at
virtually the spsed of light ¢ in an orbit of mean radius r, = 1 meter,

the mean frequency £, 1is

f &b = 47,7 Me,
o Thr 7.7 Me

2., Yoltage, The energy of an electiron traveling at relativistic velocity
“in an orbiy of constant radius is very nearly proportional to the
intensity of the megnetic field in which it revolves. A fairly close

calculation of the minimum voltage reguired in the resonator gap can



be made assuming strict proportionality:

The energy of an eleciron during synchronous acceleration is

E =~ 300 Broo - (10)
For acceleration with a constant orbit radius,

LR - E i : d
Edt  Bds ° _ ' (11)

By aubstitution of Bg. {10) in Eq. (11),

)

8 _ 4B Moy, - (12)
a¥% d%

The change in energy per revolubion is %hus

300 », %‘-‘i = 2x 107% gB . - (13)

AE/rey = Efi%o
¢

Thé units in these equations are;s electron volts for energy: cem. fov

radius; geuss for flux density: seconds for time. Since the eleciron snergy

depends uvpon the cumulative effect of betatron acceleration, synchronous

acceleration, and radiation loss from fthe orbili, this dependence may be

vwritten
i% dBpp -
%% - dii e T =0 (14)

From Fig., 6, the greatest rate of chaﬁge of the flux density at the orbii,
Just after the flux bars saturate, is 2;0 x 106 éauss/secu Solving Eq. (13)
the acceleration of the beam requires that the electrons be supplied 1260
volts/rev for this rate of change of flux densityo. Measurements show thati
the betatron action at this point in the cycle contributes 250 ev/revs

there is negligible radiation loss from the electrons, since they are at
comparatively low energy and since radiation varies as the‘fourth power of
their energy., Thus, the minimum voltage which must be supplied by the
reéonafor a2t this time is 1260 - 250 = 1010 volts. Much later in the cycl®

the rate of change of the flux density falls far below 2.0 x 106 gauss/sec,
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but the radiation effect becomes significant. Meximum resonator voltage

is required when the electfons have about 290 Mev, where the rate of rise
of the flux density requires 520 ev per revolution and the radiation loss
is 655 volts, The betatron action supplies only 95 volts. The resonator,
therefore, must esupply 520 + 655 - 95 = 1080 ev, or abaut'thG-nge 28 was
required for the steepsst part of the flux density curve,

In practice, the resscmator mush operabe at a voltage excesding the

ninimum reguirement to provide phase focussing. Xlectrons =

early
at the gap (orbits too small) must receive a higher-than-minjirum volitege
to be brought into proper phase with the resconator, If thé resonator
does nob suppily a sufficiently high veltzze, much of the beam may ﬁé
lost at the %ime of transition from beta&ron to synchronous acceleration.
Bmpirically, it has bLeen found thab, when the gap 7uitage is twice the
minimum, fursher increases in the voliage add very little to the Beam
intensity. Varying the peak vol%agebprcduced at the resonator gap varies
the time in the resonator cycle at which the eleciron beam crosses the
gap, since the beam tends to "lock in” at the precise voltage required

to maintain. the elecirons in the orbit determined by the rescnator fre=
quency.

"o
]

Duration of radiofrequency pulse, I%t is desirable to have the durafion

of the radiofrequency pulse variadle from a quarter cycle (1/120 sec a%

30-cycle magnet excitation) down to some much smaller value, so that the

final energy of the synchrotron bteam may be set for any desired value

over a wide rangs from the energy corresponding to peak magnetic field
to some fraction of this energy. When the radiofrequency pulse is cuj
¢ff, the beam spirals inward and strikes the target with approximately

the energy i1t had when the pulse was disconitinued. ZXlectrons lose energy



by radiation as'they spiral snd gain some energy by betatron action if éhe
central flux is still increasing at the time of resonator cut-off; thess

two effects determine the time it takes for the electrons to spiral into

the target. The exact energy of the beam at ihe target depsends upon the
magnetic field at the target and the radius at which the target 1is situated.
For usual targeb settings, with 2500~amp magnet excitation and full guerter-
cycle aéceleration9 the electrons reach a maximum energy of 318 Mev aﬁ the
design qrbit, but drop to 315 Mev by the time ihey reach the target.

Shape of radiofreguency pulse. A pulse modulated by a rectangular gate

will produce a gamma-ray bsam from the targst which is of short duration,
because all the elecirong reach the target within an interval of about i0
pusec. The advantage of such a short electron burst is that its energy
range is small; for peak acceleration, the difference in energy between ths
first and last electirons to leave the stable orbit over a period of 10 psec
is completely negligible, because the guide flux is not changing at tﬁe end
of their acceleration, However, a short gammawray beam is undesirable for
many kinds of counting experiments becausé'many counts ray be ﬁissed during

the counter dead time. The gamma-ray beam may be spread out in time by’

-tapering or shaeping the trailing edge of the radiofrequency pulses as the

peak voltage at the resonator gap decreasss, electrons spill out of the
stable orbit over a longer period of %imeg'depending upon the pulse shape,
Electron bursts of the order of milliseconds are obtained by this method,
but at the expense of uniformity of energy. The energy spread is aBout 2%
in & l-msec burst with full quarter-cycle accelergtion.

Starting jitter. Experience indicates that a maximum uncertainty of the

order of microseconds may be tolerated in the on-~time of the radiofrequency

pulse.
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6. Repetition rate. The maximum frequency of repetition of the radiofre-

quency pulse is the same as the excitation frequency of the magnet.

7. Bddy currents. Eddy currents in the éonducting surfaces of the resonator

preduce phase shifbs in the magnetic field at the electron orbit, and
also cause heating of the resonator due to resistive loéseso It is de=
sirable to keep these currents at a minimum in ovder to méintain orbit
stability and simplify the cocling problem, Appreciable temperature

rise in the rescenator complicates the problem of mainteining s vacuum

w
o
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o
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Eddy currends may be limited by laminating the con-
ducting surfaces using sbrips aboub 1/2 em. wide, and by limiting their
thickness to only a few skin depths; for silver, the skin depth is aboul

0.4 mil.

2, Ogcillabor

fae

The oscillator which drives the resonator is of sfandard designD enploy=
ing a 7024 tube in a tuned-plate grounded—grid circuit (Fig. 14). The tuning
element is a quarter=wave coaxial siudb, the resonant frequency of which may be
varied from 46 to 49 Mc by adjusting the capscity C. All coupling leoops and the
length of the cathode feedback 1ins are easily adjustable. The oscillator is
modulated by o positive pulse frém ihe shaper which drives the plate. A CW tick-
lsr oscillator which is'loosely coupled to the main oszillater helps to reducs
starting Jjitter in the main oscillator. Oscillator performance has bsen reason-
ably good, .It has an over-all efficiency of 50%, and is cépable of putting out
several times the power required for the resonator. The present design has one
disadvantage, however., Ths frequency and stability of theboscillator are
affected by the load, which makes proper bﬁning gomawhat difficuit since near
rescnance the lead presented by the resonator changses rapidly with freQuencyo

It would be better to have the frequency-determining element independent of the
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1cad.

The pulse shaper is desiéned to give a constant voltzge for the first

part of its pulse and a decreasing voltage for the remsinder: with it, gamma-ray
bursts of up to 1 to 2 msec durasion can be produced., The lengtih of the pulse
<

from the shaper determines the maximum energy to which electrons in the vacuum

Ehamber will be sccelerated:; scceleration to 300 Mev requires

s

5 pulse 8-1/3 msee
long. Timing controls are discussed in a later secticn of this report.

-
Ao

ko
e

The requirements imposed by the operating conditions for the resonator
somewhat contradictory, nesessitating delicate coumpromises among them. Rela-

fively little use could be made of the experience of other synchrotron projects;

Bry construction difficulties were resclved only by trisl and error.

As a pard of the donut, the resonator's physical shape znd cross-

Qction must be in cornformity with the other donut sections,

g,u,.
FRT)

The resonator

20 ‘
ion which was first used was of Corning 707 glass , which proved to be un=

e . o ' . . R
gtisfactory. Since the 45 resonator section could not be bleown in one piece,

F had to be built uwp of three shorter sections cemented together; this caused

guun and other troubles. Furthermore, high dielectric losses in the glass
gcluded the acceleration of elecirons abeve 100 Mev with 60-cycle excitabion.

¢sequent resonator sections have been ons-plece fused silics sections obiained

2
gm the Amersil Corporation 1

3

These sections present some problems because

5,
w

urface irregularities and varisble wall thickness, but several resonators
fe teen constructed which permit acceleration above 300 Mev,

The physical length of & quarber-wave resonator is A/ b &g , vhere &

# are the electromagnetic constants., In the synchrotron, the synchronous

qum wavelength is just equal to the circumference of the electron orbit.

i

ength of a resonator incorporated into the donut should therefore bs
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900//2153 for fused silica, this angle is 48Y, 1t was desirable to reduce this
angle, if possible, to h5° for ease of construction and because the remaindzr of
the donut is composed of 15o sections, Attempts to lower the frequency of a 450
resonator by loading with lumped capacity were unsuccessful. The present tuning
method is to reduce the wall thickness by'Z§% for about 1/3 the length of the
resonator from the voltage (gap) end by grinding before the permanent conducting
surfaces are sdded; this lowers the frequency by approximately 8%. Temporary con-
ducting surfaces of copper sirips are used in $esting., Small adjustments in fre-
guency can be made by varying tha location of the'gap along the length of the
resonator, |

The conducting surface of the resonaior is plated on after Glyptalhﬁ
scribe lines have been painbed and taked on the fused silica to divide the con-
ducting surface into parsllel strips. The scribe lines are sbout 1/4 inch apart,
and the conducting strips are about 1/2 ecm wide. Silver‘has heen found preferadble
to copper because i% has less tendency to bridge the Glyptal scribe lines during
plating. To permit efficient operaticn of the resonator, the conducting surface
should be thick enough to provide a high Q-number, Silver plated to a thickness
of 1.1 milsD about thres skin depths, affords a theoretical Q of L00, which is
very close to the maximum attainable, The thickness is sﬁecified as 2 to 3 mils,
however, to allow for irrsgularities in plating. Thicker surfaces are undesirable
because they would incrsase the eddy losses withoﬁt adding to resonator efficiency.
After plating scribe lines are painted with India ink to prevent large charges
from accumulating on them due to electron bombardment.

Two methods of seribing are illustrated in Fig. 15. ZEarly resonator
models were scribed vertically; they operated satisfactorily in air, dbut were in-
efficient when operated betwéen iron poles., Tests showed that the poor performancs

wag due to leskage of the magnetié flux through the scribe liﬁeé at the edges of

the resonator (Fig. 15a): this flux induced eddy currents in thes pole tips. An



Fig.|15 Resonctor Scribing
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associated trouble was sparkover Dbeiween adjacent conducting strips due to s diff-
erence in potential caused by flux leakage. More re¢ent'resonétors have employed
radial scribing (Fig. 15b); they operate equally well in air and iron, and give
less trouble with sparkover.

Theoretical consideration of the flux leakage with vertical scribing
indicates that leaksge is to be expected wherever scribe lines on the inside and
outside surfaces do notb matého ~Consider a cross section of the resonator wall
near the current end (Fig. 16), where inaccurate scribing has caused strips of
unequal widiths on opposite sides to be coanected togethéf° For simplicity, ascume
that the cuarrent in all strips is equal., The total current Jjw in 2 glven striy
is the same on top and boittom, dbut the currént per unit width J vériesw The
current dissribution may be analyzed into two additive componentsglwhich are
shown with their associated fluxes in Fig. 16 b and ¢. In b, the current per
unit width is equal in all strips; in ¢, the remainder produces flux leakage;
this case may be mapped into the situastion shown in Fig. 15a. The voltag;
associated with a leakege flux may be understood by considering the path abcda
in Pig. 17. The path encloses a changing magnetic flux; hence, the line inte-

gral

d
g Eeds = vab——+ Vbc"‘}‘ ng + Vda :—‘“——d-it' . (15)

Since 2ll of the path is embedded in conductor except da, all of the voltages
Bre Zaro exqépt Vigs which must be equal to d@/dt° This argument is applicable
only when %%.<<X/@P but 1t can be shown that Vda is not zero even if cd = A/hol
| Two silver straps are soldered facing each other around the inside and
outside of the resonator to provide additional coupling and to keep all strips
at the seme potential. Strapping the resonator in the center resulis in higher
efficiency end a slightly higher freguency than sirapping at the gap; locating

the cross straps at the center also lowers the voltage between strips associated '
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with flux leakage through scribe lines.

The driving lins from the oseillator %o the resonator is a heavy copper
wire enciosed in a2 grounded copper shield. It is connecied to the resonato:'at
the inner donut radius. Stianding waves in the 1line may be minimized by connecting
it at a point aleong the rescnator where %the rescnator and iins impedancés are
approximately matched; but the presence of flux bars in the magnet precludes cone
plete freedém to select the drive point., The line has been connected more-or-
less successfully in two general ways? By boring a hole in the resonator and
connecting the line scross corresponding inner and ocuter strips, or by connectiﬁg

“the lin® across a break in a single sitrip., The second

J

wod is the simpler,
reguiring no vecuum seal 1f the connsction is made across an ouiside strip} The
first methdd is considered preferableu.howeverp because 1% permits tighter phys-
ical coupling_and involves less danger of sparkover from the drive sirip %o
adjacent strips. The likelihood of sparkover is further reduced if the line is
connacted near the current {short-circuited) end of the resonator and away.from
the veltage {gap) end.

Tha radiofreguency voltage for synchronous acceleration is developed
across é-gap cut through the instrips at o position which gives resonanca:at
47,7 Me. Gap widths as wide as 5/8" and as narrow as 1/4P have been useds
narrow geps increase the sparkover probiem but reduce the accumulation of charge
on the non-conducting gap. The gap sustains potentials of about 2500 volis in
air and more than 3000 volts at a pressure of 100 Hg. Installed in the syn-—
chrotron, it is normally run at 1700 to 2000 volts, Whether the gap is cut
perpendicular to the electron orbit, or is skewed to more nearly equalize the
lengths of.the conducting strips has no appreciable effect on the performance.

The gap voltege of the resonator is measured by a pick-up meter, in
which the voltage induced on an insulated patch on the outside of the resocnator

is rectified and read on a direct-current meter. This pick-up voltmeter is

iy
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calibrated against a standard meter placed across the gap before the final
assembly of the vacuum chember,

Keeping the ends cof the resonator éection vacuum-tight has beén 2
difficult problem, The resonator section is atiached %to the glass sections by
means of a rubberized sleeve several inches wide which fits over the two adja~
cent sections at the joint. The sléeve is made vacuumntight'ovér the glassg
section by tight binding with fishlines bui irregularity of the fused silicae
section reguires that its end.be built up and shaped with cement, or that it bhe
cemented to the sleeve, in order to maintain e vacuum sealo Thé cemeni used on

o 22
the resonabor section is Insl-x A-150,

which combines gnod mecheniczl and
electrical properties, Unfortunately, this cement softens ai about the resonzior

operating temperature and occasionally develops leaks.

Ly, Resonator tests and performance

Resonators are proved on a test stsand before they are used in the
synchrotron vacuum chamber. On the test stand, they are connected by slotted
line to an oscillator of the same design as the oscillator used with the syn-
chrotron. The load impedance of the resonator a!t the drive point and the power
input are determined from the comﬁuted characteristic impedance of the line and
measurenments of its standing wave pattern. Power input is measured with the
resonator in air, and also in position between the magnet pole iips.

A well-scribed high-Q resonator should have no ”hot”‘(broken or high-
resistance) strips or flux lezks. H"Hot" strips and flux leaks are located with
a small neon bulb, a small pick-up loop connected to a flashlight buldb, or a
small pick-up loop connected to a diode rectifier and ammeter.

Efficiency tests on one of the most recent resonators showed a Q'of
550 for an evacuated resonator surrounded by air with 1000 volts peak gap voltage.

The input power was 110 weits, When surrounded by iron to simulate conditions
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in the magnet, the Q was 470. In both cases, ihe resonator was ariven at its
charactéristic frequency of 47.6 Me.

Vacuum leaks at the resonator have bzan responsible for a large pro-
portion of synchrotron shutdowns; these leaks zre caused by the heating and
goftening of the sealing cement at the ends of the resonator section. ﬁ.newly
made resonator may last as long a&s six months without causing z fellure; once it
begins o overheat, however, renewing the cemsnt seldom keeps it vacuum bight for
more than a few weeks 2t a time unless the cause of overheating is found and

corrected or the whole resonator is resurfaced., One resonator failed becauvse of

3
e

o]
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charge build-up con %the gap: thickening the uching sfirips near the gap so as

t0 shadow it from the slectron beam has apparently solved this problem.

D, Injection

lectrons are injected into the dorsii from en electron gun situasted

Just within the outer edge of the gonuto Trne electron gun i1s mounited on the end
of a long hollow metal stem inside of which are coaxial conductors sﬁpplying
power to the filament. The stem of the injsctor passes through a sliding sesl
in%o an évacuated side arm of the donut betwsen the two halves of the magnet
coil, The radial inseriion of the stem and % e angle which the focusing slit of
the electren gun makes with the vertical can be controlled remotely by a system
of gears and 3wo selsyn motors. Stem and el:ciron-gun housing are grounded.
Electrons are injected into the donut in bursts by applying high-voltage pulses
to the filament through the coaxial cable. Since the elecﬁron gun is outside
of the stable electiron orbit in the donut, “»2 injected electrons spiral inward
toward that orbit and do not strike the injector housing as they revolve,

Scme of the requirements of a gooi injector are! vacuum-tighiness,
-lerge filament output, fairly good focusing, ability to operate stably for long

pericds, and ability %o sustain high voltages., The advantage of a high voliasge
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at injection is that injection takes place when there is a higher flux density at
the gap: orbit distortions due to phase shift effects of eddy currents become
relatively smaller with increasing gap flux. The injector design in current use
was evolved from the 4rial of several designs; it has 2 meximum design output of
100 kv, and is normally operated at about 90 kv,

The injector is fired by pulses from a 10:% pulse transformer, type
NEw304~X923 with 100 kv meximam cutpub. The seme transformer supplies 60-cyele
current to the filameni. The pulse rise time is aboub 5 psecs it decrezses some-
what more slewly. The pulss is originated by discharging & 0,02 pf condenser
tﬁrough the primary, uging a 5622 hydrogen thyratron as the firing éwitch, The
thyratron becomes conducting when it receives a signal from ithe timing circuit
(descrived in a separste section)o. The condenser is charged from a.variable high-
voltage sourge.

Injection bviming must be exact to 0.1 psec or less in order to maintain
a constant bsam intensity from succassive pulses., Lergest electron beams are ob-
tained by btiming the high voltiage pulse so that it is tengent to the sé@ble orbit
electron energy vs. time., The electrons jinjected at the tims of tangency are
picked up at the stable orbit and éccelerabed: those injected aﬂ any other time
spiral further inward andi ares lost because they have insufficient energy at

injection. The %iming circult can be adjusted tc make the two turves tangent for

successive pulses, regardless of fluctuations in the injector high voltsge sup-

-

plied to the condenser or of ihe rats of change of the flux déﬁsity in the magnet
gap. While the itiming clrcuit.can be adjusted manually to fire the injector at
the proper {ime, @ much simpler methecd is to use a device dubbed the "Autotrak®,
This device, which is more fully discussed in the section on timing, aubtomatically
maximizes the beam intensity for any given injection energy by means of a feod- -
back sysiem which regulstes injection timing.

The average opefating lifetime of an injector is about 60 to 70 hours
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when the filament current is maintained in the recommended range of 6 to 7 anps.
The average lifstime decreases when the injectors are run at higher voltages and
higher filement currents. With lower filamen% current and injection voltages
beiow 90 kv, some injectors have lasted well over 200 operating hours; the record

was 327 hours. The usual cause of injestor failure is filament evaporation, which

can cause open filament or high filament resisiance snd low beam intensity.

Eo'iiming

The simes during honpen

—=injector fires, resonator starts, resonator stops—=must be closely timed if

gsuccessive bursts of electrons zre to be uniform in energy and

#ariation of 0.1 psec in the time at which the injector fires, for example, can
cause the gamma-ray cutput from the target to vary by a factor of two.

‘A1l timing is referred %o a signal received from a peaking strip
placed in the magnet gap. The peaking strip coﬁsists of a thin ribbon of high-
permeability alloy placed verbicaliy in the megnei gap and wound with a coil
of about 100 turns. As the megnetic fisld passes through zero, the flux in the
s£rip goes very rapidly from saturation in one directicn to saturation in the
other direction, inducing a sherp volitage pulse in the coil. This pulse is
differentiated for increased sharpness and amplified. .Before the peeking-strip
signal is allowed to trigger any timing devices, a gate eliminates those pulses
which arise when the magnetic flux in the gap is decrsasing through zero and
pagses only those pulses which éfise when the flux 18 increasing through zero in
-thé proper direction. The gating device is a pentode in which the pesking signal
goes to the grid and the voltage from a wire loop around the flux bars goes to
the screen; the polarity of the screen is selected to make the tube conducting

for the proper flux condi%ion.

A block diagram of the timing circuit is shown in Fign 18. The pulse
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from the peaking strip, by opening a2 grounding cleamp, starts an integrator in
the part of the circuit which fires the injector. The integrator provides a
comparator with a potential proportional to the flux density in the magnet gap.
This potentisl and the high voliage from the injector firing circuit are compared
in a 2-triode ﬁnivibrator whose oubtput puise trigegers the thyratron in the
injector firing circuit. By adjusting the grid blas on one of the tfiodesv the
injector can be méde to fire at the optimum time for a given value of injector
high voltiags. -Once the bias is set, the comparator will continue to firse tha

injector at the same value of gap flux density on succeeding cycles, despite

small fluctuations in magnet excitaticn of injector high voltage.

In testing the timing cirtuilt when the magnet is not being.energizedﬁ
a local 30-cycls trigger.circuit is substisuted for the peaking-strip signals
this local signal goes directly %o the blocking oscillator which feeds the in-
Jjector trigger because the integrator, and hence the comparater, is inoperative
when the magnet 18 not being operated.

| The delays which time the input to the modulator in the radiofrequency

circuit are set to start the modulator when the electrons have reached the
energy of transition from betatron to synchronous acceleration and to stop the
modulator when the electrons have reached some predetermined energy. For maximm
electron energy, the modulator is activated until the flux in the magnet gap is
et its peak. The eleciron energy at the target way be reduced either.by shorten~
ing the period of activation of the radiofrequency modulator, or by decreasing
the magnet current; the latter method has proved preferable when a gamma-ray
beam of long duration is desired, but both methods are used.

The timing circuit also provides two extra trigger pulses which were
‘included in anticipation of experiments in which the timing of the detector would
be tied in with the time of the beam pulse., The "pre-trigger" signal can be made

to precede the end of acceleration by a short, varisble time, while the "floating

trigger" can be adjusted to give a signal which follows the peaking-strip Signal
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by eny fixed interval from zerc to 15,000 psec. The "floating trigger® has been
used extensively. The "prompt irigger” and "differentiated RF trigger" have been
used mainly as oscilloscope sweep triggers for adjusting the timing circuit and
for observing the output of various beam destectors. —

A feedback device called the "Autotrak' can be used in connection with
the injector trigger circuit to maximize the electron beem intensity for any given
injection ensfgyo The Autotrak outpubt is ussd to dbias the comparator, thus very-
ing the $ime at which the injector fires. The input tc the Autotrak is 8 70-cycle
signal from a ﬁhotomultiplier tube which is activated by light radiated by the
electron beam (see the secticn on synchrotron operation for details on the “light-
meter® ); the magnitude of the photomultiplier pulse variss with the beam intensity.
In the Autoirsk, a crystal dicde bridge circuit betwesn the iﬁpuﬁ and & scale-of-
two inverts the sign of every second pulse from the ﬁhotémultipliero The resultani
alternating signal is fed to an integrator, which, in turn, sends a signal to &
Pwigeler" component. The wiggler provides instability in the injector timing by
alternately increasing and decreasing the cbmparator bias by small amounis é;
successive pulses, A éignal from the integrator causes the wiggler to "track",
that is, to increase or decrease the average comparator biazs. The direction.in
which the timing changes depends upon the sign of the integrator signal, which in
turn depends upon the relative beam intensities produced by the higher and lower
.signals from the wiggler, The circuil® is designed %o track toward higher intensity:
Vhen maximum intensity is reached, the integrated signal will be zéro and the
viggler will stop tracking; it will resume tracking if the beam intensity on

alternate pulses is not the same,
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F, Circuits and Wiring

The control circuits, in general, were built to follow the system
developed at the University of California Rediation Laboratory at Berkeley. All
components of the synchrotron can be operated from a central control desk, or
console, located some 60 ft. from the magne$ and shielded by about 30 ft, of -
earth and concrete. Duplicatebcontrols are located near the machine for check-
ing particular ccmpanéntso All relays, switches, interlqcks, etc., are wired
directly %o a central crosg-connect pansl, and the circuits are hocked up by
point=to-point wiring on this panel. Contrel and power wiring sre kept sepafateo
Remote control has been used wherever possiblé in order-tb keep power wiring out

of the control room. , : _. -
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I1I, OPERATION OF THE SYNCHROTRON
A, Calibration

Before the synchrotron becomes a useful tool, its output must be cali-

brated. The calibration includes measurements of the‘following quan%iﬁfﬁw:

1. The energy of the electrons at the time they strike the target

2. The time distribution of the beam pulse

3. The gamma ray spectrum

L. The total gamma ray intensity

5. The arngular distribution of theé gamma rays
This section is devoted to a discﬁssion of what has been learnedlaboﬁt these
quantities,

1. Electron energy

The energy of the electrons striking the target has been determined by
measuring the magnetic field of the synchrotron and also by measuring the endpoini
of the gamma ray specirum. The field was explored with a rotsiing coil, which had
been calibrated against>a flux meter using the proton magnetic moment as a standard.
The spectrum measurements were made with the magnetic pair spectrometer which was
- calibrated absolutely by a current-carrying wire. Both measurements agreed to
within one percent and gave an electron energy of 315 Mev ai the peak of the cycle
under standard operating conditions. These measuréments were carriei out during

1951. In December 1952 the B%Q/innch gap in the synchrotron magnet was increased

by 1/16 inch, thus lowering the electron energy to 309 Mev.

2, Beam pulse time distridution

For most experiments it is désirable to spread the beam pulse in time
in order to reduce accidental coinclidences in the counting equipment. This is

accomplished by shaping the envelope of the signal on the RF cavity in such & way



that the RF voltage slowly decreases below what is required to maintain phase
stabiiityo Generally the beam pulse is spread to 2=3 milliseconds. Under these.
conditions the electrons striking the target vary in energy and héve an average
energy less than the peak reading, For a typical beanm pulse of width 2.5 milli-
secoﬁds the average energy is reduced by about 6 Mev at the pezk of the cycle._
The time distribution is'obser?ed directly with & scintillation counter whose
output is displayed on o linesar sweep. The energy effect of the time sprsad

has been observed by the spectrometer in measurements described below,

3. Ths gamma ray spechirum

o

For an jdeal thin targei the shape of the gsmma ray spectrum will be
the so-called bremsstrahlung spectrum., A target having z thickness of about
one-tenth radiation length or more would be expecied to show o spectrum
measurably aliered by electiron energy loss, mulitiple events, and gamma ray
absorption., Bven a thin target specirum is difficult to predict dus to the
phenomehon of multiple traversels, demonstrated by Camacz . . The probiem is
further complicated by the possibility that the spectrum in the core of the
beam may be different from that at the edge.

Measurements on the spectrum have been made by DeWire and Beach25
using a magnetic pair spectrometer. The spectra for thin (1/2 mil W ribbon)
and thickv(ho mil W wire) targets are shown in Figs. 19 and 20. There appears
to be a somewhat larger portion of soft gquanta relative to hard for the thick
target compared to the thin target, the magnitude of this effect being about
five percent. Other runs have been taken with closer spacing of points near
the upper énergy 1imit, These data show good agreement between thick and thin
target and indiceted that the electrén energy loss in the target is certainly
less than %en percent, The effect of the time spread of the beam has also

been cbserved and gives reasonable agreement with the predicted energy spread.
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The accurscy of these measﬁrements is limited by the ten percent energy resolution
of the spectrometer. The shape of the resolution function is rather well known dut
its presence mgbarizlly reduces the steepness of the specﬁrum cut-off.

The spectrometer results are believed to givé the relative spescirel shape
to five percent in the region from one-tenth to nine~tenths the meximum energy v,

and to _twenty percent in the region 0.90 WQ to 0.95 Wo°

L, The total pamma ray intensity

The total gamma ray intensity from the synchrotron is normally specified
in Yequivalent guanta" or Q which ere defined as the total energy of photons U

éivided by the meximum photon energy W,, i.e.
Yo

Q = U/W, = 1)V j Won(W) av
-

where W is the photon energy and n(W)dW is the number of photons between W and

W -+ dW. A rough approximation to the bremsstrahlung spectrum is n(W)_ = k/w?
in which case Q@ = k., In any case a specification of Q and of the spectral shape
allows a determination of n(W).

The standard instrument for measuring the beam intensity is the ioniza-
tion chamber shown in Fig. 21. The chamber walls are of such s thickness that the
charge developed is largely due to ioﬁization by elecirons of a shower near the
shower maximum. Since the number of electrons at the shower maximum per. incident
‘photon is roughly proportional to the photon energy, the charge collected on the
chamber electrodes will be roughly proportional to the totzl energy in the beam
U . For this reason’ the sensitivity of the chamber is most reasonably expressed
in units of Mev/couiomb,

The charge collected in the chamber is measured by a2 vacuum—tube

electrometer designed by Littauer26b The effect of ion recombination has been
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studied. The result can be expressed by the relation

I/Io e-Vo/V
where I =— observed ion current, I° = saturation ion current, V — voliage spplied
to chamber, and Vo is a constant proportional to the incident radiation density (per
unit area) and to the square of the depth of the ion chamber. The pulse length
does not affect this relation so long as the ion collection time, zbout 10”2 sec,
is long compared to the pulse %ime, 1In 2 typical experimental arrangement, we
have measured Vo A 7 volts for cur siandard copver ion chomber, at a beam in- R
tensity of Qxlog equivalent quanta per minute through a 3/4% collimator. Since
the chamber is normelly operated at 350 volés, the recombination loss at this
beam intensity would be of the order of 2%.

The chamber has been calibrated in two wayse (1) against the pair
spectrometer and (2) by the shower method developed 2% California27o

The comparison with the spectirometer was done by allowing a collimated
beam to pass through the specirometer to strike the face of the standard chamber,
The collimating slit was 3/8" x 1" and wes epproximately 11 meters from the syn-
chrojron target, so that only the central portion of the beam was used., The
number of quanta was determined from the counted pairs, the known radiator thick-
ness, the calculated geomeirical efficiency of the spectrometer, and the pair
cross section which can be obtained from data on the absorption of high energy
gamma rays. Runs were made with thin Al and Cu radiators and with several ioniza-
tion chambers which were then intercalibrated. For the standard chamber the

8

sensitivity was found to be 3074x101 Mev/coulomb at NTP. This figure is believed

t
$o be accurate 1o 5%°

The shower method was used to obiain an independent check on the sbsolute
calibration and also $o measure the dependence of the sensitivity on the energy
setting of the synchrotron., The shower curve was measured in a stack of aluminum

slabs twoc inches thick and twelve inches square. The ionization was determined
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?by inserting a thin chamber between slabs. A typical curve 1s shown in Fig. 22.
This method does not yield =zn sbsolute calibration, becsuse the
density effect on the energy loss in aluminum relative to eir is not_known'pre_
cisely. A maximum error of 5% has been estimated for this effect. Sensitivities
- obtained from these measurements, uncorrected for the density effect, are
3.74 Mev/c at 315 Mev, 3.59 Mev/c at 250 Mev, and 3.47 Mev/é at 197 Mev.
| Our best beam intensity has been about 3x1010 equivalént quanta per
minute. More typical values under good operating condiiions range about
5le9 equivalent quanta per minute. |
The magnitude of the circulating electron current in the synchroiron
is monitéred by measuring the amount of light radiated by the continucusly |
accelerated electrons. The light is brought to a photomultiplier tube by =
mirror and lucite light pipe. The oubput of the tube is fed to the circait'
shown in Fig. 23 which gives a logarithmic response 2nd is used to operate
large meters in the accelerator room as well as & pen recorder in the control

rocm,

5. The angulsr digtribution of the gamma rays

It is sometimes important to know the angular distribution of the
gamma. rays to evaluate the resulis of experiments where the beam intensity-
varies'appreciably over the face of the irradiated target. An approximate
formula fof the angular distribution tazking into account the angles of
emission of the quenta and the multiple scattering of electrons in the target
has been derived by Schiff28v

Measurements on the angular distribution have Dbeen made by Luckey
in this laboratory. The method involved making exposures of known relative
intensities of standard X-ray film behind 1/16 inch lead. Then regions of

equal blackening were plotted for the different exposures. A curve giving

relstive intensity per unit area as a function of angle is given in Fig. 24,
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Comparison with Schiff's formula gives an effective target thickness of 0,05
radiation length. It should be pointed out that this method messures the angular
distribution of soft quanta, so that the effective target thickness may be some-

what smaller thap that quoted.

B, Radiation Shielding

By piling large concrete blocks as indicated in ¥Fig. 25 it has been
possible to keep radiation levels low enough to permit experimenters to work
within reasonsble distznces of the synchrotron. At beam levels of lO10 Q/min,
however, the fast neutron.levels in the synchrotron room become uncomfortably
highlfof protracted exposuré° Consequently all our detecting equipment has been
moved to a detector room, sepérated from the synchrotron room by a minimum of
30 feet'of eartih.

Fig. 25 gives measured rédiafion levels at various poinﬁs in the
room. Gamma ra& levels are given in nilli-R per hour and are measgred with
commercial ionigation chamber type rad‘iation.meterso FPast neutron fluxes are
given in neutrons/cmz/sec and have been measured with silyer foils immersed
in water and with BFB counters buried in ?araffino These radiation levels are
referred to s beam intensity of 1010 Q/min aF recorded behind a & inch x & inch

collimetor located approximately two meters fror the synchrotron target.
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Fig. 23. Light Meter Circuit

The light meter monitors the synchrotron beam by measuring the visible
light radiated by the electrons as a result of their centripetal acceleration.
This light is reflected out of the donut by a system of mirrors, and allowed to
fall on the cathode of a photomultiplier. The external circuit 1is arranged to
turn down the voltage spplied to the phototube until the current out of the tube
is reduced esgsentially to its zero-beam value. The amount by which the voltage
must be reduced is a convenient, non~linear measure of the beam intensity.

The circuit is very simple. In the absence of any light a steady dark-
current of 9 pa, flows in the phototube I-1. ‘'[he current is supplied from the
VR tube T-2 through & precision resistor. The normal voliege applied io the
phototube is about 1300 v., but when 1ight from the beam causes the current
"from T=1 to increase it drives the grid of T7-3 negative, czusing this tube to
absorb a greater fraction of the total voltage from the power supply (1700 v.).
Thus, the net voltage applisd to T-1 is decreased, and at equilibrium the out.
put current of the ftube is again close tc 9ua. The time-constant is made long:
compared to 1/30 sec. to integrate over several beam-pulses, The individusl
pulses vary in height as the beam does, although their aversge magnitude is
held constant, and can be used for sutomstic tracking of the injection-time.

1/50 of the photomultiplier voltage is tapped off by s resistance
divider, and fed to the first grid of T-L4, T-4 and T-5 together form a fed-
back differential DC amplifier of low gain. The 24 v, bias on T-5 brings the
signal to ground potential in the absence of any light falling on the photo-
tube, and the cathode of T-5 gives a positive-going signalat low impedance when
radistion from the beam brings the circuit into operation., A&ny number of 30 v.
voltmeters can then be used externally as indicators.

T-6 and T-7 are inserted to stabilize the zero-point. As the photo-
current injected into the circuit is reduced, the grid of T-2 rises in potential
until the diode TI-7 begins to conduct. The circuit then forms a closed loop
inversely fed-back, and clamps at the proper zero-level. The reference- -
voltage for T-6 is used as a zero-set. In practice it has been found thzt no
adjustment is necessary over periods of several weeks,
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