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UCRL - 2384
MEETING III SUMMARY - BEVATRON RESEARCH CONFERENCE B~ 12
October 20, 1953
4 P Bldg. 50 Auditorium
Lloyd Smith: Bevatron Theory

Comparative Specifications of Synchrotron Accelerators

Despite the essentially independent development of the Cosmotron and Bevatron,
these two accelerators have general specifications which are the same within a
factor of 2 - 3 in their pertinent characteristics. An clectron analogue of the
Bevatron would be an electron gynchrotron operating in the 5 kev to 3 lev range.

Theory of Synchrotron Accelerators

The theory of the synchrotron is based on the relativistically corrcct equation
relating the angular velocity to the magnetic ficld and total energy. That is:
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A study of the effects of small perturbations in r,ws , H, and E rcveals the
essential characteristics of the accelerator. The characteristic equation of the
synchrctron is obtained from (1). :
Relebing aentop E in (1)
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Now define the logarithmic field index as
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then
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So that using (3)
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Now from the expression for the total ecnergy
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Substituting this into (6)
Ar_ = 1 _ /1 N\ AR (9)
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and placing (9) in (4) one has the characteristic equation

Aed = _ AR + /_n 1
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The sign of the bracketed term depends upon the agcelefator being described. For
example, in alternating gradient machines the | | term changes sign at a critical

energy. Equation (10) determines the rate of variation and extent of phase
oscillations. It is significant to note that faster particles take longer to get
around .

The expected energy sprecad of the 6 Bev proton beam before ejection can be

obtained from (9) with thec assumption of a radial beam widith of 2-inches.

SR =1x04x _1 = 1073
E 600

This radial spread will be magnificd during the ejection process. The radial sprecad
of the beam resulting from phase oscillations carly in the acceleration period will
be of the order of

ar = 1 foot

Phase Eguation

A quantitative picture of the phase oscillation of particles in a bunch can be

obtained from the graph of the Vgap = f & diagram:
Vgap ? b ““”\\\% i ' synchronous phase angle
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Consider the phase of particles when it crosses the accelerating gap and recall
that the rate at which the phasc moves back is just
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The corresponding change in p E is the differencc between the cnergy gain of the
particlo in question and that of a particle at synchronous phasc divided by the
time per turn.

doal = _¢Vsind -u ks : 12
dt 2n/ (12)
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Now combining (10); (11), and (12), one obtains thc gencral phase cquation:
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A Bg = sinbg for the synchronous particle (24)
ev
Damping

Sincc in the goncral casc the causcs for damping arc rathcer involved; only a
qualitative picturc of damping will be given. Consider an oscillating system
described by an cquation of the type:

~d_/m_dx V*k, =0 Ifmandk change slouly (15)
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Considering the analogue, the cquation for phasc damping becomes for small
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The quantity in brackets only changes by a factor of 3 - 4 during accclcration, so
the azimuthal damping is only slight. The radial motion, on the other hand,
decrcascs by a fector of 100 or morc so that the initial amplitude of approximately
8-inches becomes negligible soon after injcction.

Betatron oscillations damp as the inversc square root of the magnetic ficld
intensity. Sinco the ratio of injection to peak ficlds is of the order of 1/50,
the Betatron oscillations which would be of the order of 1bé-inch in amplitude at
injection will damp to less than 2-inchcs at 6.4 Bev. Negative damping during
acccleration rosults from ficld periurbations of unknovn magnitude and ges
scattering vhich is ncarly minimum at injcction. The scparation of phasc oscilla-
tions and Betatron oscillations is possible sincc the periods of these two differ
by a factor of approximately 1000. For cxample, the period of phasc oscillation
is of the order of 1000 becam revolutions whereas Betatron oscillation occurs about
oncc pcr turn.

Particle Acceleration - Injcction

The injection phase of the acccleorating cycle offers the most critical period
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during the acccleration. At the ond of the injection cyclc the instantancous

circlc will be at the conter of the vacuum chamber, and Betatron oscillations will
fill the entirc chamber. If the acccleration voltage is turncd on at that instant,
the maximum portion of the beam will be caught in the synchronous orbit. If however,
the voltage is turned on carlicr or later, the corrcsponding portion of the beam
will be scraped off on the tank walls. Phasc oscillations which begin at the

moment the R-F is turned on will cause perhaps 25 percont loss of the beam when

the amplitude adds to the Betatron oscillations which alrcady f£ill the tank.

Another source of bcam loss is the finite size of the infloctor, which will obstruct
ions, particularly thosc injccted cerly. A 25 percent loss of beam might be
cxpeeted from this cffect, An cstimate of the good injccted beam in terms of the
acceptance time of the machine is perhaps that 250 pscc of tho 500 psce theorctical
acceptance time will be useful._ Assuming that 30 micro ampcrcs of protons lcave

the lincar acccleorators, 2 x 1010 particles per pulsc should be attainablce. This
should be contrasted with the cosmotron vhere only 50 usec of acceptance time
results from the theorctical 250 psce. That acceptance time is undorstandablc by
the above argumcnts, but their lossces in the next 100 milliscconds arc not c¢xplained.

Freoguency Tolerance Acccleration

Instecad of interproting cquation (1) in terms of radial crrors one can determinc
the permissable froquency crrors in terms of the available redial width of the ficld.
Reforring to cquation (4) and using the expression of energy in cquation (9), onc
has

Lo = = B2 (1en) 4 ( toon .1 ) (28)
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It should be rcmarkcd at this point that all the above derivations have
neglected the cffcet of straight scetions, so that (18), for oxamplc, is not quite
correct. Howcver, the cffcets arc not very important in tcrms of frecquency
tolcrance, cte. In cquation (18) assuming a radial width of ficld of the order of
4 feot, the frequency must always be held closer than + 4 percent., Actually we
would likc to achieve thc tolerance at the order of .1 percont, to avoid apprcciable
loss at injcction and later when the good ficld width shrinks with increasing
saturation.

Resonance Effccts

Choice of n valuc at 0.6 rcsulted from a carcful study of the possible rosonances
in the ion orbit. Resonance growth of the phasc oscillations may result from ficld
ripplc. Thesc would be duc to the mcasurcd 20 milligauss ripple at 1,440 cycles
and would occur a fow tenths of a sccond after injcetion. There is rcason to be-
licve that the fact that phasc oscillation frequency depends on phasc amplitude will
prevent any scvere trouble.

Therc arc a number of random effccts vhich could conccivably causc becam loss.
During the long acccleration timc, thore is no azimuthal damping of phase oscillation.
Thus any random changcs of frcquency, accclerating voltege, and magnctic perturbations
incrcascs the azimuthal spread of the beam. Thesc effccts add up as in a random walk
problem; the phasc amplitude duc to a succcssion of random impulses during the
acceleration period will be proportional to the squarc root of the number of impulscs.



COMPARATIVE SPECIFICATIONS OF SYNCHROTRON-TYPE ACCELERATORS

Bevatron Cosmotron 184" After Synchrotron
Now Conversion
Poek Energy Mev . 6.4 x 10° 2.8 x 10° (340) 730 (230)
Radius Ft 50 30 7 7 33
. Length of Straight Ft 20 10
Scetions :
Useful Apcrturc :
Tnitial inches 12 x 48 6 x 26 50 4172 2 i;g *
Final inches 12 x 20 6 x 10 51 4 1/2
Pcak Magnetic Field . k gauss 16 14 15 23 11.4
Oscillator Frequency ‘
Initial me/sec 36 .37 22.9 35.2 42
Final me/sec 2.46 4.0 15.8 18.7 4
-7 -3 -3
Acccleration Time sec  1.85 1.0 2x1073 2x10 8 x 10
Rep. Rate min™l 10 12 3600 3600 360
- 8
Particles per pulse (. (1010) (10th) - (10%)
n=-Ld .6 .6 0-.25 0-1 2/3
H dr '
Radial Damping Factors
Phase . Oscillations .01 (Final Beamg .gg
Betatron Oscillations 14 (~1" diam .

Pinal Radiel Motion/turns inches 2 x 1074 710~
Energy gain per turn

Initial kv 1.75 0.8 2 2 1.2
Final kv 1.08 20 10

Injecction Conditions

Energy Mev 10 3.5 2.
llagnetic Ficld gauss 300 300 82
Acceptance Time usec 500 250 (50)  (20) 20

Radial Hotion per Turn inches .13 .16

Numbers in parentheses
are measured values





