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1.

A_PHASE-CORRECTING VO-gYSTEM FOR LINEAR ACC AT

HAMMER SMITH HOSPITAL

IFTRODUCTION

When the desigh of a linear accelerator for Hammersmith
Hospital was first considered, it was intended to use a directly
fed acoelerator, in whiech the residual power at the output end of
the sorrugated guide would be absorbed in & resistive load.
Consideration of such a seheme, however, indicated that the
frequency tolerance whish would have to be imposed on the R.F.
generator was such that soms form of frequency stabilisation would
be required, This would not be an easy problem since magnetrons
were the only mitﬁ}o R.F, sources available. About 8 time,
Harvie and Mullett proposed a feedback scheme to increase the
power flow through the eorrugated guide to a value greater than
that entering the system, by combining in correct phage relationship,
the residual power from the output end of the corrugated guide with
the incoming power from the source, by means of & waveguide bridge
cirouit, Flg.1 shows the eircult arrangement of the feedback
oirouit, using e waveguide bridge of the type known &s a "rat-race”,
and its low frequency anslogy. The resistive load is necessary to
absorb gome power during *bulld-up", and also under steady atate
conditions, if the bridge ratio is not the optimum for the guide
attennation, .

The inorease in power flow in the guide obtained by this
method enabled an inerease in the iris diameter of the sorrugated
guide to be made, whigh insreased the group velocity, and aso
widened the frequency tolerance. It was thought desirable to have
some automatic oontrol of the phase of the power fed back from the
output end of the guide, to compensate for small frequency variations,
and for changes in the elestrical length of the corrugated guide
due to temperature variation,

Miller and Mullett(2) ghowea that if pick-up loops are
inserted into the rat-race at two positions (A and B in Fig.1)
equidigtant from the arm Joined to the resistive load, then equal
ourrents are indticed into the two loops when the conditions of
optimum power build-up have been achieved, If the phage of the
power fed back is altered in one direction, then the current
induged in A will be greater than in B, and vice versa for
alteration in the opposite direction. If these currents are
rectified, voltages can be obtained to control a servo-gyatem, to
maintain optimum phase conditions,

This report deseribes the pervo-aystem which wes
developed for this purpose,



2. 0 OF SERVO-SYSTEM

It was decided that the servo-system ghould be of the
"on-off" {ype, which is quiescent until the ghaaq error exceeds a
certain amount, in this case specified as 5°, and then starts to
restore the phase to the optimum. It was also decided that it
would be desirable for the reatoring system to overshoot slightly
&g the phase error was expested to drift slowly in one direction,
due to warming up of the guide, etc., and the overshoot would
reduce the number of times the servo had to operate,

The output from the magnetron is in the form of pulses,
about 2 mioroseconds long and at a repetition frequensy of from
50 to 500 pulses per sesond. Therefore the output from each
Pick-up point will also be of this form, An amplifier, which has
separate channels for the two signals, supplies output voltages
which are proportional to the amplitudes of the pulses, and
independent of the repetition frequency. If the differense between
these output voltages exceeds a preset amount, relays are operated
to energise a gmall a.c. motor which drives a Phase-phifter,
inserted in the waveguide, s0 as to restore balance,

COMPONENT PARTS OF THE SYSTEM _
(1) Pick-up Loops and Crystal Rectifiers

The whole waveguide system is evacuated, to prevent
breakdown due to the high peek power transmitted and so any pieck-up
loop must be inserted through a vacuum seal. Due to the high
level of powsr flow in the ret-rece, sufficient current can be
indused into the loops without protruding them into the rat-rece;
it is suffiocient to place them near to holes cut in the side wall.
The mechaniocal layout is shown in cross-seotion in Fig.2. A thin
glass window is sealed on to the end of a thin wall Fernico tube.
This is soldered into & brass pilece (1) which is sorewed into the
side wall of the rat-race, opposite a coupling hole. A vacuum
seel 1s obtalned at this point by means of a rubber ring (20). The
gap round the outside of the Fernioo tube is made half a wavelength
long at the operating frequensy, to prevent build-up of voltage
between the end of the tube and the edge of the coupling hole.

The loop is supported by a brass tube which can slide in the Fernico
tube, to adjust the coupling, The body (2), into which the brass
tube is soldered, housee a srystal rectifier 59;, and has a sorewed
portion (10), which, together with the ringe (4) and (52. shables
the position of the loop to be set and locked. The output from
the orystal, whioh is & B.T.H. silicon rectifier, type C82A, is
conducted fo the amplifier by means of the lead (15).

(2) Amplifier Unit

A oircult diagram of the amplifier is given in Fig.3 The
maximum safe output voltage from a osrystal of the type used is
2 volts, and so the amplifier was designed for a normal input of
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0.5 volt. A separate ehannel is provided for the output from each
Pick-up point, and asg these are identical, it is only necessary to
desoribe the operation of one channel. with reference te Fig.3,

V) and V, form a two-stage amplifier, with a voltage gain of about

100, The resistors R3s and R37 provide some negative feedback to
reduse the effects cof cgango ih valve characteristics on the gain
of the amplifier. The output from the amplifier, in the form of
positive pulses of about 50 volts amplitude, is applied to the grid
of V3, a tetrode which can pass & very high pesk current. During
the pulee, the inorease of cathode current of Vi causee an increased
voltage drop soross Ry and Rg, and inoreases thé charge on Cge
through the diode V), Cy is sufficiently small that it can charge
almost to the full &mplitado of the applied pulse in the 2 micro-
seconds duration, At the end of the pulse, Vy ceases to conduct,
and Cg discharges through Rg and Rjj, the time constant being about
2 miﬁinoconduo V5s Vg and Cg form a second atage of "pulse
lengthening", the r?nal time gonstant being 1 second. Thus, even
at the lowest repotition frequency of 50 pulses/second, the voltage
across Cg will drop a negligible amount between pulses, and thig
voltage will vary with slow variations of the peak pulse voltage
from the crystal, This voltage is applied to the grid of V-, and
the voltage from the other erystal, via the other amplifier and
pulee lengthener, is applied to the grid of Vi V7 end Vy, form
a differential amplifier, their cathodes being coupled by tk&
variable resistor VR3, by means of which the differential sensitivity
oan be controlled. Pig.4 shows the variation of ancde current of
V> and Vy,, when the pulse voltage applied to VR is varied, for
oZnutant nput to VR), at the exireme settings o% VR30

The anode ogurrent -of V7 flows through ceil A3 of relay A,
and coil By of relay B, and the anode current of Vyj flows through
coils By and Az. These coils are connected so that the gurrents
from the two valves tend to oppose in sach relay. The resistors
R)5 and R3g (with VRp and VRg) allow steady currents to pass through
ecils B 2%4 A2, from the s.i", line, to polarize the relays. Each
polarizing current is set to be equal to the "drop-out" current
of the relay. Assume that the anocde currents of V7 and Vy, are
equal, and neither relay operated; then if the anode current of v7
is inoreased, and that of Vy, decreased, there will be no effect
on relay Ay es the current ﬂ:lrroronoe will be tending to oppose
the polarizing current. In relay By however, the current
difference aids the polarizing current, and causes the relay to
operate, if it exceeds 2.5 milliemperes, which is the differenge
between the "pull-in" and "drop-out" current of the partigular
relays umed. When relay B operates, it. energizes the motor, .
causing it to drive the phage-shifter in the direction to restore
balanse, However, at the kalance point, the polarizing eurrent
will still hold in relay B, and 80 it is necessary for the phase-
shifter to be driven slightly beyond the balance point, before
‘relay B drops out. This provides the required overshoot. The



approximate relay pull-in points are merked in Fig.4 and it ean be
seon that the "dead-spot" can be varied between about 30 millivolts
and 600 millivolts by variation of VR3. This sensitivity is
almost unchanged over a range of 4 to 1l in mean input level, as ocan
be seen from the table below, measured at maximum genaitivity.

Channel 2 input Chennel 2 input to operate
Relay A Relay B
v, mv, v,
475 uk7 500
(-28) (+25)
238 212 267
(=26) (+29)
119 95 130
(=24) (+31)

) The double channel amplifier and baelencer, with the two
relays and power supplies, are mounted on one chaseis, of which
¥Fig.5 1s an outline drawing. :

(3) Hotor-driven Phase-shifter

The motor is a two-phase induction motor, type FC1/A,
manufastured by Evershed and Vignoles. This is shown as “1 in
Pig.3, where 1t can be seen that one winding can be excited
directly from Ty, while the other winding is excited in phase
quadrature, due to the csapasitor (¢ The direction of rotation
of the motor is dependent upon whether relay A or relay B is operated,
Contacte ap and by prevent the secondary of T, from being short
circuited should both relays sccildentally be closed.

A cross-section of the phase-shifter assembly is shown in
Pig.6, A etrip of ceramic material of high dielectrio comstant (1)
is supported in e piece of wmaveguide by means of two ceramic rods
fixed to the strip by fused glass. The ceramic rods are secured
to & blook (2) which can slide on guide bars, so that the ceramic
strip oan be moved across the waveguide. The ceramisc strip has
tapered onds, and the spacing of the rods is chosen to introduce
minimum change of standing wave. The position of the atrip is
set by shaft (3), which has a threaded portion which engages with
the block (2).

As the waveguide ia svacuated, and it is inconvenient teo
provide a vacuum-tight seal where the ceramic rode pass through
the wall of the wavegulde, the block (2) and its guides are mounted
in a vacuun-tight enclosure fixed to the aside of the waveguide.

The shaft (3) is brought out through an oil-filled seal and is



roetated by the motor (4) through a train of gears. The value of the
capacitor C15, whioh determines the quadrature component of the
motor field supply, was chosen to limit the torque of the motor,

to prevent damage if the phase-shifter should be driven to the

ends of its travel.

4. PERFORMANCE

Fig. 7 shows curves of the crystal output voltages for
variation of the phage from that for optimum build-up, The
operating points for the servo-system, at maximum and minimum
sensitivity are also ghown, and it can be seen that the minimum
"dead-spot” is under half the requirea +5°, The maximum dead-gpot
ie about 50° wide, so an adequate range of getting is available,

When the gervo-system was first fitted to the acoslerator
it was found that the phage-shifter had ingufficient ran e to
allow for the frequensy varistions engountersd in adjuating the
machine. The original ceramic strip could give a maximum phage
variation of 60°, and this was replaced by a longer strip, whioh
allowed 140° variation, and this proved adequate for the normal
running of the magnetron, However, during the "degas" period,
when the magnetron is run at reduced power, the frequency is
alterad sufficiently to make the servo-gystem drive the phase-shifter
t0 the end of its travel. Also, due %o the deliberate overshoot,
if the servo was making & correction at the moment the H.T. to the
magnetron was switched off, the servo would continune to0 drive the
Phage-shifter until it reached the end of its travel, If the H. T,
was then awitched on again, there would be a period of geveral
seconds before maximum output was achieved ¢ @88 the servo-system
would have to move the phage-shifter over perhaps half its sotal
range, To overcome this trouble, it was arranged that the transg-
former T,, supplying the motor, is only energized when the
modulator is switched to the "Run" position,

5. ADJUSTMERT

The plug Py, connecting the motor to the amplifier unit
should be disconnected, and the servo-operated phage-ghifter set
to about the middle of its travel, Then, with the magnetron
running at full H.T. voltage, the desired build-up econditions ghould
be attained by adjustment of the manual Phage-shifter, .

The orystal probe units should then be adjusted for

equal output as measured by a peak-reading pulee voltmeter, having
an input resistance of about 5000 ohms, The loop insertion should
be adjusted in each gese to give about 45O millivolts peak, The
oryatal probe units should then be gonnected to the amplifier, and
0 - 10 mA meters plugged into the two jack sockets J’K% and JRo. The
pPreset potentiometem VR and VR), should then be adjusted until the
ourrents are equal, and adout 5 mA each, This can best be done

with VR3 8ot near maxinum sensitivity,



In the case of the routine replacement of one orystal, if
@ pulse voltmeter is not available, and the mettings of VR3 and VR
have not been disturbed, the insertion of the probe unit oontniniu&
the new orystal should be adjusted for equality of the currents
meagured at JKj and JKp.

The motor san thea be reconnected, and VR3 adjusted to
give the required width of "dead-spot™, :

Velve changes should not affect the operation of the
servo-system, although it is desirable that the charasteristics of
V7 and vl& should be similar, However, it is advisable that the
e ents &t JK; and JK2 should be checked for egquality, after a
valve change, with iiaconneotod and the accelerator operating
under the desired build-up sonditions.

: If at any time it is necessary to replace the relays A or
B, then VR, or VRs should be adjusted so that the relay will only
Just hold ’fn unde? balance conditions, As the relays mey vary
considerably in their characteristios, it may be necessary to
change R15 or R3p, if there is insufficient range of adjustment

of VRz or VRso
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