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_ENERGY sTABILIZATION OF THE BERKELEY PROTON LINEAR ACCELERA’I’OR

H.B. Knowles

~ Radiation Laboratory
University of California
Berkeley, California

' Abstract '

A device; is described which. stabilizes the energy of the 32 Mev linear
accelerator to wtthin o 40 kav.mEnergy control is obtained by slightly detuning

| the rf cavity with a rotatiug paddle.
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"ENER@Y'S"I’ABILIZATION‘{QF THE BERKELEY PROTON LINEAR ACCELERATOR
' H.B. Konowles

Radiation Laboratory
University of California
Berkeley, California

" July.9, 1957

INTRODUCTION

c'? (o, a)B? with 32

Mev protons from the Berkeley linear accelerator, it became appareat that small

- During some o:_-elimit_xary experiments on the reaction

 variations in the proton energy were creating serious difficulties. The high re-
action threshold and the low mass ratio of the product auclei acted together to cause
the laboratory energy of the alpha particle to vary by an amouat almost equal to the

‘ variation of the proton energy, when the alpha particle was counted at angles less
than 30°. Because differential range analysis of the alpha-particle energy spectrum
was used in order to discriminate against scattered protona. and the differential

" range element was quite thin (0.75 mg/cm ) to provide for good resolution, a shift
‘of 100 Kev in the beam energy (1/3%) caueed a shift of almost one range chaaunel.

. Under these conditions, it was impossible to resolve the first excited level of B
(at 2.37 Mev) over the continuuml of alpha particles which begins under the ground
state peak of B?.

Beam energy variation at the 32 Mev linear accelerator has been observed
before, but usually was an insignificant effect compared to the instrumental resolu-
tion, which was largely determined by the proton straggling in differential range
oxperiments. or by the scintillator responae epread in pulse-height analysis' methods.
These effects are both of the order of 4%. ‘The energy change was therefore not well
understood, and cbnsequently a atudy of its pkobable causes was made. Of the
observable parameters,. the following were found to be the most significant:

(a) The plate voltage at the oscillator power supplies, which has occasionally
been observed to change spontaneously by about 250 volts from a mean value of
14.5 kilovolts. Ciude measurements indicated that a change of this size would produce
75 kev change in the beam onerg‘y; in the same direction as the plate voltage variation,

17, B. Reynolds, Phys. Rev. 98, 1289 (1955).
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{b) Temperature changes of the machine itself may cause &mall variations in .
the gsometry of the copper liner and consequently change the local rf tuning of the
cavity. These temperature changes may be induced by & sudden load on the cooling
system, by an iucrease of ambient temperature in the building, and, possibly, by
rf spa;-kiug inside the liner. Energy changes almost always appeared after sparking
had occurred. No correlation of temperature variation with the direction of beam -

- energy change could be made, ' ) :

(c) The position of the exit *end tuner" (last half-drift tu’be) was found to be
a powerful countrol on the beam energy, which iucreased as the end tuner was puohed
in f.0., as the cavity was capacltively loaded) and decreaaed as it was pulled out.
The end tuner posicion ts uormauy not ch.anged except when the cavity is helng
retuned after it has been opened,. but fit.was in this instance being considered a8 a
control device. However, severe backlash in the control gearing made this
impossible. :

' Certain other poseible causes of energy variation were found to.have little or
no effect. For example, oxtreme»\fraifiation of the Van de Graaff injection energy
‘appedred to have no effect bn the exit energy of the protons from the linear
accelorator tank, i . | |

It was clearly impracticable to use temperature ai- a servomechanism control,
and it proved to be very difficult technically to servo-countrol the plate voltage
{aithough inverse-feedback plate voltage regulation with}eimultaneou‘a maintenance
of constant temperature might ultimately be the beat solution). These two param-
eters were believed to be résponsible for most of the trouble, because energy varia-
tion wae observed to occur in a sudden discrete step, rather than as a drift. 1t
wag therefore decided to install a separate coatrol device which would be totally
independent of the normal operation of the machine and powerful enough to com-
pensate such energy variation as one v}ould-noru;any encounter.

APPARATUS
General-Feadback Circuit

The model for the energy stabilizer was that designed by échraakz for the
Princeton cyclotron. As in the case of the Princeton fnstrument, ‘an argon-filled
fonization chamber collects positive ion currents on two electrodes. When the
terminal peak of jonization from a sample of cou_lomb"s scattered protons is centered

2G. Schrank, Rev. Sci., Instr. 26, 677 (1955).
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between the electrodes by changing the absorber iﬁ front of the ionization chamber,
the two currents (each of the order of 10-11
amplifier. The output of the difference amplifier is then connected to an energy-

amp) are matched in a difference

correcting device and the servo loop is completed,
Certain modifications in the Princeton stabilizer were needed, the most obvious

o . of which was in the energy-correcting device. It was suggested by Dr. L." W,

Alvarez that a:paddie' in the side of the rf cavity would load it inductively and thus
reduée the ‘energy of the beam’ aughtly; If the normal to such a paddle is parallel
to axis of the cavity, (at the 19° poaition ") the paddle lies along an equipotential
“and has no effect, but if it is rotated 90 it interferes with the peripheral magnetic
field and thus reduces the central electric field that performs the acceleration. -
This method proved to be quite successful.

The fonization chamber is positioned outside the.scattering chamber and below
the beam, 9.5° from the incident ditjecﬁon. (Schrank put his ionization chamber
inside the scattering chamber. ) The platinum scattering foil is tapgdd to the
aluminum exit foil of the scattering chamber. It does not scatter an.y particles into
the alpha detector, an advaatage somewhat offset by &the* necessity of passing the

' proton beam through a few inches of air ae part of the tdta__l range, thereby
introducing some uncertainty into the energy measurement.

. The difference amplifier deslgn makes use of a standard electrometer technique
to eliminate input cable capacitance and can therefore be- placed in the counting area
for convenient adjuetment. Its long time constant (ten seconds) introduces an
oscillation in the main servo loop unless its output is attenuated. The attenuation
is performed on a "master energy-control panel' before the output is fed into the
chopper-amplifier that controls the servomotor which drives the paddle. The -
master energy-control panel also carries the absorber-whe&lgg_m oatrol. Figure 1l
~ shows the important components of the energy stabilizing feed back loop.

Because the paddle is not powerful enough to coatrol all energy variations
encountered, limit switches (not-shown on Fig. 1) are provided at the 0° and 90°
- positions. These are to keep the paddle out of a positive feedback condition. Closing
either of the limit switches automatically disconnects the input to the choppenvarkitifier.
The experimenter must then throw the main switch from ''Ionisation chamber' position
to the "Manual'' position, (thus going over to another servo loop) and then momentarily
reset the broken connection uatil the paddlé rotates out of the extreme position. The
second servo loop is also indicated on Fig. 1. It compares the voltage taken from a

hY



- potentiometer geared to the paddle to another voltage taken from a potentiometer
on the master panel. The latter voltage opposes the first in polarity and both
voltages are read through voltmeters whose dials are calibrated to read directly
in degrees of paddle position. At all times the true paddle position {s indicated

by the meter, reading the voltage from the paddle box. The other voltmeter shows
the position to which the paddle can be set when the main awitch is in the "Maaual®
position. Direct control of the paddle is thas provided.

The "main switch" ig actually two relays with coaxia.l cable coanections, aad
the transfer from "Manual* to "lonization chamber" can be performed automatically
by a 110 v signal from the flip gate of the linear accelerator, so that the paddle is
controlled either by the beam if the flip gate ie open or by the manually set
potentiometer if the flip gate is closed and the beam is. 1mrrupted Such automatic
transfer of control is a great convenience to the cxperimeator. whoae attention is
required elsewhere when the beam is inter:mpted ' -

Components

Paddle

. The paddle was made of 1/4 inch copper and is 3 inches wide by 4-1/2 inches

' long. The width is limited by the diambter of the aperture through which it is
iatroduced into the cavity, and the length by the necessity of staying withia about

5 inches from the edge of the cavity. Beyond thin limit it would begin to havé a
serious detuning effect on the cavity, unless some rather inconveaieat compensating
adjustments are made. It was insérted into the next-to the last oscillator port on
the south side of the machine. All rf oscillators are now on the north side an the
unused south ports are blanked off by threaded cppper plugs screwed into por‘:s
which are soldered to the zf liner. One of these plugs was drilled to receive the

la . . ’

*The servomotor used was a Minneapolis-Honeywell ﬁntt No. 76750-3, Serial 6-51
(13.5 watts) controlled by a Brown "Electronik" Amplifier Unit No.. 356358-1. I
the input is disconnected, the great sénsitivity of the latter unit accepts very smll
stray currents and the servomotor tends to autorotate slowly. If left very long \in
this condition, the servomotor might damage the indicating potentiometer. becauee of
the latae mechanical advantage of the reduction gearing. It is therefore alwaye ‘%
deairgﬁl"&e to have oue of the feedback loops completed. The input interrupuon whbn
a limit switch is closed is always corrected- at once and does not constitute a daagex\
to the system. : , "\\

.



T~ . UCRL-3862

paddle shaft, and the paddle grounded to the liner by a set of rf fingers cut into

one end of an "Everdur ' bearing sleeve which is tightly fastened to the copper plug.
The fingers make contact with the outside of the paddle hub and are silver plated,
ag are the paddle and hub. A emall collar is fastened by a set-screfv to the 1/2
inch stainless steel shaft and keeps the paddle, plug and bearing aseembly together;
it also prevents the paddle from being pulled in ‘when the tank is evacuated. The
paddle. bearing and copper plug can thus be pre-assembled and then screwed to

the rf liner with a special wrench. A Wilson seal, soldered to the solid brass plate
which {s then sealed to the existing vacuum tank port, provides a vacuum seal for
the j’s‘addle" shaft and a second bearing surface. A crude set of copper r{ fingers are
next fastened to the shaft outside the Wilson seal and make contact with the latter.
This is necessary because the shaft length is almost 1/4 wave length (14.6 {nches)
and in the event of failure of the internal ground, some protection must be given to
© the electrical equipment. A frame containing the gears, servometor, recording
ﬁotenﬁometer and limit switches is then bolted to ‘the brau‘plat'e. “and finally the
driving gear is fastened by a set-screw securely to the paddle shaft, after it has

" been rotated to the correct position with respect to the potentiometer. Finally,

the gear frame is covered with a copper shield (to keep out stray currents and
duat) and the paddle assembly is complete, Water cooling was originally provided
through the hollow paddle shaft but proved to be unnecessary. The paddle and its
ésfsociated equipment are shown in Fig. 2. :

jonization Chamber -

The relatively large straggling apread of the ionization peak of 32 Mev protous
near their mean range required that a considerable “thicker" fonization chamber
be used than was pesaible in the case of 17 Mev protons, Space in the scattering
chamber is limited, and therefore the ionization chamber was placed outside where

“h. it accepts protoans elastically leattered from 2 0.25 mil Pt foil taped to the exit

foil of the scattering chamber. Since the beam was to be subseqnently integraté@gg
ina ¥ araday cup which had to be positioned just beyond the fonization chamber and
. ite mouating, and the Coulomb scattering from the platinum foil spreads the beam

size in direct proportion to the distance of the Fnraday cup, it was decided to
: "condense " the fonization peak by preesurizina the argon gas in the chamber to

about 30 peig, thereby roughly tripling the S. T. P, ‘density of the argon. The
ionization chamber is approximately 10 inches long. with thﬁ accepting aperture
10 inches from the platinum foil, so that the Faraday cup could be brought to within two
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feet of the exit end of the scattering chamber. At this distance the beam is spread

to approximately 7/8 inch ia diamoter. or about one quarter of the aperture of the
cup used, so that no oignificant part of the beam was oxpeceed to be lost. This was

' expeﬂrneatany verified.

. The chamber was conatructed primily of 3/16 brass place. which is thick
enough& to keep out any protou which might be back ccattend from the Faraday -
cup, ‘and strong enough to meet the pouitive pressure reqnirement. . The apertures
collccting and callimatiug the Coulomb-scattered protons are slit- shaped rather
‘tha.n round. in order that a large current can be collected while re stricting the verti-
cal olm\of the chamhcr 80 that it can be pogitioned at a small angle to the beam.

. The ﬁtat slit was milled in the front plate of the chamber (to whlch a carefully
measm'ed aluminum plate was sealed with an O-ring) and the second slit is located
fn a l/ 2 ﬁnch polystyrene block which is an integral part of the electrode mupport.

" The ?ollector electrodes are each about one inch long in the beam direction and
two inchep wide. The two collectors are nepau,ted £rom each other by an inter-
mediate gatounded guard electrode {n order to increase the sensitivity of response
to beam ehergy. shifts, and a similar grb\mdqd guard electrode is at either end.

The veru&al separation between the high voltage plate and the collectors is one inch,

. which is e&\ough to keep the primary protons away from the collectors. The
internal géometry of the ionization chamber is shown ia Fig. 3, and is predicated on

" an argon denstty of exactly 5.00 mg/ c:n:n3 Figure 4 is a plot of the calculated fon
~ density per proton together with the end-point probability, using a gauuiau end-
point probability distribution with a standard deviation of 22.0 mg/ cm in argon.

‘This value is derived from the inherent 100 kev total beam energy spread (¢ 5=3.50
c¢m argon at 15 C and 1 atmosphere) and a standard deviation of range straggliag
equal to 1. 38% with an 866 cm range in argon (0g = 12.0 em ngon) The resulting
total standard deviation is about 12.8 ¢m or almost 22 m&/ cm of argon. The ionie-
ation density is calculated from a numerical fold of the fndividsal proton Bragg curve
with the end point probability, as described by Schrank. At mean range, the foniza-
tion density is 78% of the maximum ionization deansity, in excellent agreement with
the analytically calculated value of 82% pie’sented by Mather and Segre. 4

36. Millburn and L. Schecter. "Gi‘iphl of RMS Multiple Scattering and Range
Straggling for High Energy Charged Particles. ' University of California Radiation
Laboratory report, UCRL-2234.

R. Mather and E. Segrs, Phys. Rev. 84, 191 (1951).
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All electrodes are made of polished atainless steel. They are positioned by
' & polystyrene frame and the whole electrode assembly is mounted oa the cover
-plata. High resistance eleciﬂcal connectors for the high voltage electrode and
the two collectors were made through machined plugs of cast Epon which were
pressure-sealed to the chamber by modified 3/ 8 inch UCRL "water fittings®, ae
shown in Fig. 5. Such connections are mechanically much stronger than Kovar
insulators, and permit preliminary evacuation of the chamber, followed by a
filling to two atmospheres positive pressure. The wires are led to electrometer

' cable connectors inside a copper shield. The high voltage electrode is normally

‘ operated at + 1000 v, which was iotmd "ex‘iberimentally to be well above the

", ‘saturation voltage.

Eviacuation and ﬁlling of the chamber is performed through a manifold ,
cqnaected to an argon bottle and a mechanical vacuum pump, A calibrated reffig-
~ eration ‘gauge and a blowout feil are always in direct contact with the chamber’.
- By consnlting a thermameter and a barometer an attempt has been made to adjnn
“the argon density to 5.00 mg/cm> at each filling, and to maintain this density.
However, it has proved to be very ditﬁcnlt in practice and the argon thicknese is
the least reliable component of the total range meannrement.

- - The argon amounts to about 20% of the proton range. All of the rest of the.
range is in aluminum, except for the _piatinum scattering foil and the 10 fuches of
air. The aluminum plate which {e sealed to the froat of the chamber cerbprﬁaea :
almost all of the aluminum absorber, and is augmented by a few pleces of 5 mil
aluminum foll taped to the outside. The variable absorber is mounted on two
wheels placed just in froat of the ioﬂntion chamber. Both wheels have eleven
positibns, one in tens of mg/cm ‘from 0 to 100 mg/cm and the other in units
of mg/cm from 0 to 9 mg/ cm®, with the eleventh ponition holding approximately
700 mg/cm . This latter position keeps all di rect protons out of the chamber and
permits an-examination of background lnduced curreuts from the collectors when
the beam is on. (The small "dark" currepta which have been obsorvgd are propably
caused by 4,43 Mev gamma rays coming {rom the carbon beam stopper in the
Faraday cup. A few inches of lead between the cup and the ionization chamber
substaatially reduces the dark curreats. ) |
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‘-"Differenca Amplifier

Initial aettempts to use a replica of the difference amplifier in operation at
Princeton failed because of its lack of stability, A modified circuit was designed,
which has proved to be very satiafactory. {See Fig. 6). Its basic form is sub-
otaqtially that of Schrank's iagenious circuit. The new difference amplifier has the
fouo"wang properties: . .

\l.. The first stage is neceuarily an electrometer tube because of the need
for a '&cry low grid current. By using each input CK5886 as o cathode follower, it
is poasible to feed back essentially 100% of the voltage oa the grid to the intermediate
shield oi a double-nhteldedtﬁiug. whose center wire carries the signal from the
corresponding collector of the fonization chamber. In this way the cable capacitance
is eliminhted and the cable can be made as loag as is necessary to put the differ-
ence amPllﬁer in the countiag area, in which location it can be adjusted while the
béam is entertag the target area. The uncOmpenuced capacitance of the electrodes
and wires in the jonization chamber itself is of the order of § ppf and may be
ignored. '

2. The 10- ncond time constant that is required to smooth out rate fluctuo-~
tione in the jonization chamber can be kept constant while the grid resistor is
varied, by switching both CK5886 grids to any of the three sets of capacitors and
resistors. In the low cross section (p, o) experiment described, the 109-ohm or
lole-ohm resistors, were normally used, but the present amplifier can be uaed
with a beam reduced by a factor of 50 or more.

3% The first atage of difference amplification takee place in the CKS?SS twin
triode, which is a premium tube (manufactured by Raytheon) whose two sides are
remarkebly similar. It is not necessary to select two fnput tubes of nearly equiva—
lent characteriatica, which is a very tedious process.

4. As constant-current devices, the two sides of the 12AD7, another relatively
uew premium twin triode, are notably stable. The 12AD7'% can be roplaced by
12AX7's, which are ideatical, except in quality, - |

5. The input-stage filament supplies and their screen-‘grid biases are Y‘;
provided by small mercury batterics. The filament batteries can be used for a
month of steady operation. For electrometers-tube filameants, batteries are belﬁved
to be far superior to s} transformer supply, however well regulated. \

6. Provision was made for a set of test faput equale {wee Fig.. UL the oyl
of ithesveyt umJ with which the operation of the circuit can be quickly checked, The
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e microammeter in the output line was added to facilitate ‘adjustment to a balanced

condition, so that the di.ifeunce amplifier can be zeroed without external connections.
7. The reapanea curve {8 shown in Fig. 3 The gain along the linear portion

. of the curve is about 0.30 pa/mv of difference in input slgualo. and the response to

common mode is approximtely 2.5 pa/v of common {aput, 80 that the common-mode
rejection {s about 100, With input resistors of lOw ohms on the CK5886 grids, the
amplificetion factor of the curreuti difference is 3 x 106 It should be noted that the
respo:\nse saturates at about 8.5 pa output in either direction, However, the amplifier
servomotor aystem. which is the next stage in the servo loop, reaches its maximum
outputit ab {aput current of about 6 pa.

- Maater\\Enorg_y Control Panel
. The circuit diagram for the energy control panel (oxcluding the absorber
wheel controls) is shown in Fig. 8 along with the coannecting paddle-box circuits.
It shouldlbe noted that the “ground” connections at the paddle are sot meade to the
- gear frnnic (which is at the potential of the linear accelerator tank) but through one
strand of a five-wizé cable to ground to the rack potential in the counting area.
 Occasional large ground currents neéar the machine are thus kept out of the circuit.

OPERATION

- In practice, the paddle is first manually positioned at about 30°, the beam
turned on, 2nd the absorber wheels rotated until balance of the ionization chamber
currents is observed. - The paddle is switched to ionization chamber control and the
damping adjustment used to rednce ‘oscillations. From mean position the absorber
wheels are then rotated 3 xng/ cm in either direction (the proton energy equivaleat
is & 45 kev) and. the motion of the paddle examined to make sure that all components
are interlocked properly. If the enorgy. shifts enough so that the paddle control
(about 250 kev) is inadequate, a new absorber value is put in position. Care is taken
to run all important ieamau of the di!fereutial range diatrtbuﬂon at the same
absorber value, _ A

An absolute range measurement of the beam was uot possible because proton
raagbs in this cnerﬁy region are not knowhn very well, and also because of the pre-
viously meationed uncertaiaty in the density of the argon. However, relative
ﬁhangcs of the proton eaergy (as calculated from the cl? (p, o) B’ alpha particle
peak) agreed very we;fi} with the same changes as measured by the absorber wheels,
if done with the same nuing of axgon.



-12. | UCRL-3862

Routine checks were made every few hours on the argon density, and, about
_ twice & day, on the balance of the difference amplifier. The latter was very stable,
and often stayed ia balance for two days without adjustment,

DISCUSSION

The stabilization obtained can be read from the paddle position meter. The
estimated stabilization of the beam energy is wﬂ}&i&xﬂ: 30 kev. Some unavoidable
commou-mode respouse to beam intensity tlutxntton may cause a 20 kev shift in
the ‘atable position of the paddle. The romltant tab'mntion is certaiunly good to
£ 40 kev. ' '

No attempt ha.o been made to. improve the stabilizer because it has so far
~ been used only on the alpha-parucle experimnt. and it was adequate for the needs

' of this experlment. For example, the first excited level of 89 was uadily detected

at small anglee after the introduction of the stabilizer.

' Certain improvements-are indicated for a really preclce iuatrumant. The
new proton range-energy values of- Bischel et als should be extended cxperimentally
to the 32 Mev energy region. Following a suggestion by Bichsel, _"Vthe writer

would insert the bulk of the range between the two ionization chambers, thus
comparing the proton ionizauon density at essentially full energy with the ionization
‘ _.deusity somewhat beyond the mean range. Such an arrangement would, allow the

- ‘ionization chambers to be at. atmospherle pressure (with less resulting uncertaiaty
. in argon density and also a much smaller fraction of the range in argon), and, have
only one stable position (the present system might possibly be brought to balance if
the variable absorber is much less than the mean range so that the ionization curvea
{a relatively flat). It would also be more compact, although the collected curreats
would be smaller by a factor of almost tea. o '

. Another change indicated is the use of a larger paddle, with consequently
greater energy control. To do thid, it would be necessary to ineert it from inside
‘the linear accelarator when the tank {8 open. A paddle with 400 to 500 kev coatrol
would handle almost any normal energy change encountered. The existing paddle
might be oligl'htly more effective if it were moved closer to the exit end, i.e., the
last port, but this has not been tried.

5H. Bichael, R.F. Mozeley, and W.A. Aron, Phys. Rev. 105, 1788 (1957).
SH. Bichsel, The Rice Institute, Private cémmmcation.(l%ﬂ. |
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- Figure Captions

l .'Euergy stahiﬁllzer in schematxc form.

. Ei?gt,,‘s-‘z; ‘ _:Paddle aod its associated gearbox. mounted in posiﬁon.
Fig ,"3‘.::'Internal geometry of the ionization chamber.
"4'. ; Ionization deneity and end-point probability for 32-Mev protons stopping
in argon. I1 and I repreeent the currents from collectors No. 1 and No. 2
(respectively) in the balanced condition. assuming an argon density of 5.00
, mg/ cm3‘
- ;’_I-‘ig.’ 8. High resistance connectors for the ionization chamber.
Fig. 6. ,’mfference amplifier. |
Fig‘y_?} l :leference amplifier respouse at one meg ohm output resistance.
Fig.f_"'ﬁ;".' 'Master enerﬁy coatrol panel and asaoclated circuits. The component
valuos are given below. '
| -RI,R - 100 @ (5W) “Helipot"
K R3‘ R 4 - 50.0 (2W) potentiometer '
R, Rb | - 150 Q 2W)
G RuBY . OKRWW
R Rg.nw 1 MRWW
Rl 1 RIZ lO MG poteutiometer
_ Rl3‘ Rl 4 1M
C 1 'Sz 500 ufd (electrolytic)
Cs. C 4 ~1000 p,fd (olectrolytic)
Ml.' Mz 0-1ma ammeter
MB‘ M4 ' lO - 0 -« 10 pa ammeter
| sl.-sz. 83 : "Coaxwitch" '
S, N. C. pushbutton switch
T 110 v/27 v C.T. transformer.
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MU-13978

Fig, 7
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