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o THE ELECTRICAL ASPECTS S
OF THE UCRL 740- MEV SYNCHROCYCLOTRON

' "Abstract L

The 184«inch, 350-Mev cyclotron has been

- ',4.,convert3d to 740 Mev in order to provide a source

of. partieles in a relativély unexplored energy °

range. . The particle and correspouding energy
R attainable are . .~ :
. \ . R :
> ;_'\Proton Ll ?40 Mev
'. “Deuteron T 460 Mev
- Hed - 140 Mev
‘ ;Alpha ' 91 5 Mev. _

" The . energy was increased by tncreasing

- ﬁthe magnetic field of the 184 -inch magnet from .

15.t0:23.5kgatss. A new rf system was built

with a correspondingly. higher starting frequency. |

. and a 3 wider frequengym sweep to ccommodate the

‘ high r relativistic change in mass of the accel-

- eratéd particles. This requires a large ratio of .
maximum +-to -minimum. capacitance in the fre-
 quenéy-modulating capacitor, The minimizing:
"of this ratio through the use of sections of non-

~ uniform characteristic impedance within the res-  set of magnet coils were adde; d (Y th

' -space made available by the lengthened magnet '_ L

‘onatyr 16 discussed along with the design;, exci-
" tation; and.control problems associated with the
uniqne vibrating capacitors that were used,

Because of the short wavelengths asaocia- ‘
ted with the rf, the vacuum tank is able to sup-
port the first higher-order cavity mode within

the proton range. .Electric field componentsf’%s*’
- sociated with this mode, if excited, would pre-

ventthe beam from reaching full energy. There
are similar problems associated with the dee
crosg-modes. These problems and their selu- '
tions aie discussed in the paper. '

" B.’H. Smith, K. R. MacKenzie, J. Reidel, ¢
: W R. Baker, c W, Park, and. R

Radiation Laborat
Univeraity of Califorﬁia
Berkeley. California

_.quency sweeép down to 19 Mev _ '
.. Corresponding modiﬁcatiens ere. nec aeary far

- drops.to about 12,
e 7003
- Mey machine most of the magnetic: re
“"n the magnet gap. . Tﬁi

field around the magnet.
- shorter wavelengths associated with the higher'®
. rf frequency necessitated placing the frequency=

- dicated that a conveutional rotating
would be subjected to very high-e

- brating ¢apacitors.
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started ﬁfter 6 yearé“ 'f‘.:cperatiou at
o achieve this goalithe magnetic field

had to be increased frorn 15; 090 tc 23.400 gauss.

(74 % instead of 37.4%) Pequire& Rt
i ]

deuterons, alpha. particlea. and helium«3 ions .

These changes, ihherent in the tcenver‘sion to e
higher eaergy. preaent many ew pro

\ a

. 23 400 gaust the petm ‘abitity’

‘Still, one’ umu reauze tha,

gap wae red\a

poles (Fig. l)

Saturation of the steel increaaed the frmgmg .
At the same time, the '

sweeping capacitor nearer the. leading edge of the
dee and in a magnetic field of 400 gauss instead ~ . .
of almost zero as before. Initial calculations ins - -
capacitot casE
y currents;.. . ¢
the losses would be about 83 kw. and indeed pre-
sent a difficult cooling problem. To avoid this .
and the rf-mode problems associated ‘with concen- .
tration of rf currents ou the blades ofia very * . -
large rotating capacitor, we developeé a set of vi- i
‘This rediced thé motion ne~
tessary to produce a given capacitance change-

-and ‘made it possible to further reduce.the edde' e
. - -current heating by aligning the motion with the .. -
o magnetic field linea.

The dissipaticn naw is less :

r'_""—than 50 watts. R

" The shorter wavelength reduced the length of :

fthe reeonatcr. but the width has to. be snfﬁcient R

* This work was done under the auspxces oi the S
‘u. s Atomic Energy Ccmmiasion.,_ o



to contain the iinal orbit of the accelezated par-: |
. ticlés, -As a result, the reeonani*wavelengths

d4sociated with the Jateral.dimenaions of the res?;'f ;.and the corresponding stato® plates. .

U rhuwm’ capacitance

_? - beam than the electric deflector @id in the pre-
" ¢onverted machine and, in addition, is an essen-

" ‘selected for the new machine,

“ along its tength,

-ployed, 6

onator are comparable with those of the longitu-

. dinal dimensions. ‘Fortunately, -these cross-

modes miove with sweep frequency, and it was p&

o ° _.possible to displace them: several megacycles = -
.- from the desired longitudinal mode by an appros S

at*e choice of reaonator geometry. S

5 Me: and corred’

mode of éxcitation of the dee lies in the midst of

... a number of undesirable modes: in_the frequency .
e ;peetrum. the latter- are not excited by the oscil- "

The are source is oi the open-arc type
using a. tungsten filament, It waa not modiﬁed

'-during the conversion.”

ST A new deﬁector of the magnetic regenera- .
 tive typels 2

3 'was installed in the machine. It
extracts a muth larger fraction of the internal

tially mainténance-free device. Further descrip-

. tion'of the deﬂector does not £an within the scope
- of. this paper. ‘ '

The Re sonatbr

resonator was
Because the
required frequency sweep is large--from 36 to

19 Mci'-<is is necessary to reduce the required
range of the frequency sweeping capacitor to a
minimum. . This was accomplished by varying
the characteristic impedance of the resonator
Intuitively, one can see that if
the characteristic impedance of the resonator is -

The three-quarter-wave ty

.reduced near the voltage node at the high frequen~

cy end of the range, the resonant frequency here

. will be altered only slightly, but as the resonator
~ is tuned to a lower frequency and the node shifts

away from the low impedance section, more e-’
lectric field energy is stored in the section and
less is required in the sweeping capacitor. Hencé.
a smaller ratio of maximum-to-minimnm capacx-
tance is required :

Component values for a large number of res-
onatore were computed using the above concept
as a guide. A special calculator that is particae«
larly well suited to this type of problem was em-

off calculations on over 65 possible cases. A
capacitance ratio of 20:1 is all that is required to

‘sweep the resonator throngh the desired range._ :

:mufn 3 about 310

R

‘ ~The only remaining rf: mode. that proved to
. be troublesome is the TE;,, mode of the vacuurm -
e taaki s This mode océurs’ a?k _
- sPonds to a:radius of 63 in, for protons. It.did ..
. not-yield” to our attempts to move it to either end
-of the. range. ‘but by preserving-the vertical sym. -
- metry of the resonator aud provtdxng a vertical-
. ' trimming adjustment, we are able to decouple it
" from;the oscillator. Thus, though the desired . -

© itaelf best to adjustis

and only a few days were required to run -

L 'tJJ"'C“RL?-3‘779

: The sweeping cApacitor eonsiets of two sete oi
. reeds, which vibrate with an amplitude of 0.5 in.,

The maxi-
ebout 6459 p.pf. and the mini-

L Mneh o{ the reaeareh planned:}for the cyclotron
reqniree acceleration of deuterons and alpha‘par-
titles and possibly some work with He3 ions. The
first two particles require the same frequency

sweep-afrom 18 to 13.7 Mc-awhue the latter re-

24 to 16 MCo s

‘ s S e o

The part of th reaonator that seems to lend
iént to acéommaodadte these

. lower frequencies is the quarter-wave:section

located most remotely from'the dee edge. This

 seétion is outside the magnet poles. where space .
o .ia available for an actuating rnechautem. and also

‘thas the: highest r{ current densities, which makes
a change in volume particularly effective in shift-

~ ing the ‘résonant frequency: A paif of movable

panels were employed to change the characteristic
tmpeda.nce of this section from 4.14 ohms for the
proton range to 16.2 ohms for the .deuteron range.
The pauela are shown in the proton poaition in Fig;

With the panels moved into the deuteron po-
sition the resonator sweeps from 25 to 13.6 Mc.

: "Because the starting frequency fof deutercnas is

18 Mc., the acceleration tirne would be very short

(2.5 msec), and the threshold dee’ voltage too high.

Some temporary capacitors were shunted from
the reed motors to the stators, which restricted

‘the upper frequency limit and lengthened the ac- -
‘celeration period to 3.8 msec. This reducedthe -

threshold voltage sufficiently to permit accelera=

. tion of deuterons to full energy and their extrac-

tion by the deflector.

At present, the permanent model of this ca-
pacitor and the external actuating mechanism 'that

. permits its connection ior the deuteron range are

being built.

" The equivalent circuit of the reeonator is
shown in Fig. 2, and the computed values of volt-
age and current in Fig. 3. An. rf power inventory

" was made using the currents shown in Fig. 3. and

it revealed that 70 kw. of rf power is required to
produce a dee voltage of 20 kv.

The dee is 126- in. long and lBO-in. wide and

,‘j;ib therefore. capable of supporting lateral resonant
.;modee of comparable frequency to, the desired

_ - longitudinal mode. Figure 4 shows the resonator
" in perspective and the equivalent circuit for-each

direction. It is apparent from the equivalent cir-

" cuit associated with the y direction that the trans-
‘mission line will be foreshortened for frequencies

below the series resonance of the vibrating capaci-

~ tance and reed inductance and lengthened above
- this resonance. Hence, there are two cross-modes

near the desired mode. The amount of lengthening:
or t‘oreshortening of these modes depends upon the



lateral spacing of the reeds.
, ‘separation of the cross-modes from the desired : e

Figure § shows the

' mode in both the proton and deuteron ranges.

Another mode that has to be con-iéered is

Curtrent &ssociated with this mode
flows from the ¢enter of the top of-the vacuum

" tank radially cutwaird to the ‘sides and down to the. -\ |
~ center of the bottom of the tank. .
ing electric field is vertical and synchronous with .

the accelerated protoni; it acts upon the protons

- than for just & few degrees like the accelerating

R

N ietomtor had to be found which would discrimine

field at the dee:¢dge.:

rical. . The imperfeceioni resulting from mes~

chanical tolerances and thermal gradients can be : _V '
. ,comp!muted for by iudividaal adjultment of the

monb&ér'paueln. -

Drive Loops and Trau-misaion Liues |
A method of coupling the osciuator to the

ate betweqn the fundamental mode and the cross
modes. If ‘one considers the direction of current
flow on- the reeds; it is apparent that the currents

- 'anocia,%d with the fundamental mode are in the
. @same, dizection on the two reeds whereas the cure--
- tfents fo:" the cross-modes are in opposite direc~ -

© - tions.

‘Thus, if the anode drive-loop is coupled
to the carrents of oune reed while the cathode

drive loop is coupled to the currents of the other .

- the voltages will be in phase for the fundamental -
" 'mode, but out of phase for the ¢ross.modes. 1f
‘this phue information can be preserved through
. ‘the transimission lines, the system will be re-
‘generative for the fundamental mode but degen:

erative for the cross-modes. Because the stand-.
ing-wave ratio is very high on the transmission
lines, the phase shift along the lines is either

" almost zero or almost 180 deg. except over a .
very short length of the line near the voltage node. -

(This region, having a very low impedance, is

‘not a suitable place to connect tabe elements any-

way. ) Therefcre prelervation of ph:ue is easily
achieved, . .

_ In order to mppress oncillation on the croas
modes the two transmisesion lines were made e-
lectrically identical. The anode line is termina-
ted in the anode capacitance; the cathode line was
made identical and terminated in an equivakent

" capacitive voltage divider which also provides
" the proper drive té the osciuator tube.

" Two other requirements had to be fuuilled'
(1) the transmission-line resonances had to be
displaced to either side of the operating-frequen-

¢y range, (2) the transmission lines had to pro-

duce the proper voltage vs frequency curve so
that the dee voltage would be approximately con-
stant throughout the frequency sweep. To meet
these requirements the length and characteristic
impedance of the transmission lines could be
varied. The geometry did not lend itself well to

. an idealized line as a guide..
‘mode auppreuor: were used to prevent oscilla-

e - tian on the trantmis;ion-!ine re sounces.
- thezgﬁ}m inode of the ‘vcuam tank, which occurs .
at [ -

The corresponds

" .do 6ther types of accelérators.
- -for an entire half revolution’ each rf cycle rather

-Consequently,-it can drive
. the besm vertically {uto-the magnet pole but is
© not excited.if the resonator is vertically symmet- -

- gtore in the«ruonator.

‘over the glass seals.

(25 gal per min) is transported by means.of two

- . l-inch-diam neopreéne fire hoses 18 in. long, oo
* ' With 10 umho water, the dc leakdge currentis .

© 13 ma for a dc ‘anode voltage of 15 kv. i

fittings are eqnipped with antielectrolynio e!ec- oy

.- pulee system is shown in Fig. 8. N

sequence starts frorn the reed-position marker -~
.pulse which is derived from a blocking oscillator. =~ .~
" triggered by the reed-amplitude signal, ¥
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calculation so these. conditioua were. warked out
by rfsmodeling techniques .using. calculations on -
Absorption-type -

g e

e oo e st
R N

Oacmator

Qne of the practical advaatagec ot synchro-
evclotrcma {s that they do not present as severe
a sparking problem to the oscillator circuitry as
This is a result
of the Tow dee voltage it which they eperne and,

hence, the relatively small amount of énergy they
. Still,.: the ‘resonator dis- - -
charge&‘de occasionzlly {nduce an external épark,
8o we employed:the spark resisting techniques -
" that.we have found so effective on our other ma~ - -
_.chihea. High-speed over-current signals are ob-
' ‘tained fyom grid and anode circuits. for crowbar
< excitation. (See Fig. 6.) Spark gaps are con-
nected acroas all rf bypass capacitors.
‘tors that opet&te at high rf gradients are of the

. ah’“&i M&% tYP3~

o A Machlette 568} triode is employed dna T
o .cnaxial grounded=grid oscillator circuit (Fig. 6.)
. Construction detiils are shown in Fig. 7. '
" osecillator box is surrounded on three sides by. o
" four 0.5-in. steel platea which réduce the magnet-
" jc field from 2 kgauss to 40 gauss. '

Capaci-

The ~

The weight
of the oscillator tube is supported at the anode

by a conical section of polyethglgne which alao

serves as an air baffle to diréct'the cooling air -
The anode’cooling water

trodes.

The Pulsé- Control Syatem :

I'The block diagram of the oscillator and arc- ;
The timing

Univis
brators are used to delay the starting time and
to determine the length of the oscillator pulse.

. This pulse, after amplification, modnlatee the T

osacillator. -

The arc-pulse unlvibrator i- triggered from
the rf by a superhetrodyne receiver tuned to the
ion-starting Irequeucy This pulse is amplified
and provides anz arc-source anode voltage.

The crowbar, which prevides high-speed pro-
tection against sparking-induced power arcs with-
in the oscillator tube, short circuits the screen

.. 'of the final amplifier tubes in the oscillator pulse
amplifier. The protective equipmeut is of fail-
safe design and, in addition, is backed up by over-

current relays. Following a crowbar operation,

‘a recycler brings the cyclotron back into opera-

tion automatically after a 2-sec time delay which

The hone‘

Ty e A
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: permits tbe vactmm pnmp t¢ remove the productu -

of the’ diecharge betore rf is reestablhhed. o

o The Mechanica.l Conetrnetion af the Reeds

. The reeds are 36, in. 1ong and 45 in, wide, ¢

. They are bolted. rigidly together at the root 86 - -
_ that they will vidiate like a tuning fork resonant
at 63.8 ép'a -The mechanical Q of the blades .

‘varies with.the amplitude and has & value of

7, 000 at the full ampliiude (0.5 in.) and 2,000 at twﬁﬁfmiuimize the vibration. After balancing each set -

“of ‘veeds in this way, additional'weights were .-~

" added symmetrically to the set of reeds with the
" higher resonant frequency so that its frequency .

twice amplitude. The blades aré made of Nitra-"
loy-135-modified steel?s 8 which hae had-the sur-
' face nitrided to prevent fatigue fatlure. . The .
maximum stress is 13, 000 psi; which is well"
‘below the endurance limit (90; 000 pei)of the . -
steel, All rf-carrying surfaces &re copper b
platéd in order to rédude the skin losses: Heat -

mounting blocks attached to the blade root,. ‘The
cooling is adequate for »f current densities up
to 40 amp per inch (which corresponde to 20+kv
dee voltage) at 36 Me. with a 50 % duty. factora

The reed motor eoneieta of a laminated
_steel core which is excited by a:coll of square
conductor measuring 260 mils 6n an edge and ‘
having a 1/8 in. center hole for cooling water. . -
. Magnetic flux from the motor linke the steel
' bladea and thns produeee the driving force.,

Duriug development of the reede a3 problem
appeared with a mechanical ¢ross-mode. Be-
' cause the width of the reed is comparable with
its length, the resonant frequency of the first

cross-mode is comparablé with that of the longith'-

dinal mode. The resonant freqiency of each modé -
varies with the blade temperature. If the curves
of these quantities intersect within the operatings.
‘temperature range, theé crosssmode will be ex- .
cited. This condition éxisted in the initial design.
We found that cutting seven uniformly spaced
longitudinal slots in the blade néar thé tip in-
creased the compliance in the lateral direction
without appreciably affecting it in the longitudinal .
direction. This lowers the resonant frequency -
of the cross-mode go that its-curve no longer
intersects that of the fundamental mode: (Fig: . -
9.) Thus the motos: excitea only the desired

mode. o

Faciuties were not avauable to build one

- et of reeds wide enough to provide sufficient
capacitance to meet the requiréments of the ress
onator, 80 two smaller sets of reeds were used.
" It ie necessary that their resonant frequencies
be alrmost identical-<the difference must not ex-
ceed 0.005 cps if the phase error between the

reed pairs is not to exceed 1 deg.: Initial opera-

. tion indicated that the external beam is quite

sensitive to this phase error, and 8o an automa-
tic phase control system was developed

: _be about 0.001"¢ps.
‘in the cyclotrom.’ -

tranafér from the reeds is accompliahed by ther~ ST A

~ mal radiation and ¢onduction to the water-cooled

- happens to require progressively more dc than
..Reed 2. We chose to self-excite Reed 2and to .
- drive Reed 1 with the signal thus generated.
--de in Reed 1 is varied to keep it in tune with
‘Reed 2. :
_, excited reed not be varied because some satura-

- values.
voltage and drives the oscillator off of the reson- .

18 shown in Fig. 10.

" the geference voltage.

~ measured by means of a phase detector.

UCRL 3?79

Balaneingtthe Reeda o -' .
Each set of reeds had to be balanced so that

*-’_the mounting would be at.a velogity node and the
“amount of vibration canpled ‘to thé vacuum tank
. would be a minimum: . The'reeds were installed
dna small test tank’ for balancing, in orderto ' -
A vibration.
"pick-np was mounted on the tank and weights were

have quick access to the bdlade: tipg.

.attached to the upper or lower blade as needed to

would match that of the other set. Finally, the

~_.;,di££erence ia- resonant frequencies turned out to
The reeda were then instaned

Tbe reeda are excited by the superpo-itiou

. ofa ‘dc and an ac current. (Fig. 10.) The d¢ =
- _ecurrent produced a magnetic spring which is
“{f#¢d to trim the tesonant frequency of the reeds.
‘ Changing this current from 20 to 100 amp changes -
" the resonant frequency of the reed by about 0.050
". . eps'which is sufficient to compensate for thermal
.'difierences between the reeds. : :

The reeds are deeignated "Reed 1" and

. ‘. "Reed 2" as a result of their location in the cyclo-“

tron. As the reeds are heated by the rf, Reed 1 °

It is preferable that the dc .in the selfs

tion of the motor core occurs at the higher de
This shifts the phase of the feedback"

ant frequency of the reed.

" A block diagram of the reed contrél system. = ' -
Each reed has its own amplis -
tude regulator. A signal proportional to the ampli- -
tude is obtained by a magnetic pickup and is com« 5. 1%

pared to a reference voltage; the difference is

_amplified and controls the gain of the reed-driving : **

amplifier. The amplitude control simply adjusts

regulation was measured by observation of the -

wvariation in lower limit of the rf {requency lweep.' 2T

This indicated that the amplltude atability is about

- 0. 002 in.

The phase angie between the two reeds is
The out-.
put of this unit is amplified and actuates the dc -
applied to Reed 1 by means of a saturable reactor.
The stability in phase angle is about 1 deg.

Under steady-state conditions, each reed set
requires only 70 w of driving power, but a larger
amount of power needs to be available to make
them respond quickly because of their high me-

chanical Q. The 500-watt amplifiérs bring the

.,

The . :

The accuracy of amplitude BEE

ok

R
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b f;"_‘f,reedo to Inll a.mplituﬂe in 8 -ec. o

o 'I'he Magnet Reg_ tors
Each set of- ‘magnet.coils has its own cur-

o rent regulatos which operates with a loop gain - -

‘of 10, 000 and employs. both a current and volt-

.:_: age feedback loop: . -
. obtaineéd from thermally lasulated temperature~

The'reférence voltage is

“regulated mercury cells, ‘and 0.500.v water~
‘cooled manganin shunts are ased. The. stabnity

o " 'I'hc anthota wish to expreu their gratitnde

of the magnetic iield exceede 1 part in 10, 000
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' Magnetic ﬁeld at center

Proc. Phys; o

%leetriczl Gharacteristi_ of U

Magnetic ﬁeld at ﬂnal radius SRR
6

; Magnetomotive force SIS o
 Total- .- s o 303x l06~- .
. Main coils -~ | ‘1,88 x- 10, -
Auxﬁiary coils . L1S'x 100
- Magnet power ' . - . 2.38 Mw B

~_Pole diameter R
Magnet gap el 12 m,

_ Radius of final orbit - . 82im,
Ma:dmum dee voltage 30 kv o
Operating dee voltage - 10 to 15 kv
Peak rf power required : o

. for maximum dee. voltage 70.-- kw, -
RePetition rate: . - R

(modnlatioa frequency) ", 63.8 cps
Proton freqaency at center R 36 Mc
Proton frequency L

- final radids. SN |
_Deuteron Irequency at c,ngﬂ.  Mc
Deuteron frequency at s

.-~-13 6 Mc

fina.l radius
He £reqnency at cen:er . ° 7 24.0 Me |
He3 freqnency at final radius 16.2 Mc
Froton energy 740 ‘i(
Deuteron energy | 460 Mev '. ‘
Alpha-particle energy 915 l‘v}ev
He3 cnergy 1140 Mev

' \
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" Figure Captions .

. Fig."-' 1. Croaa-section of 740 Mev cyclotron

Fig 2. 'I‘he cyclotron resonator and equivalent circuit. The characteristic
. impedance of the resonator is a function of the distance from the leading
edge of the dee such that the range of the vibrating ca.pacxtance is '

- -:- ' mmimized

Fig. . Voitage and current vs distance from dee edge. As the frequency
. is reduced, the voltage node moves to the left. Progressively more
o electric energy is stored in the low- impedance section of the resonator,
' correspondiugly less has to be atored iu the vibra.ting capacitor. a.nd the
capacitance range is reduced Lo ‘ v

Fig. -4 Dee and vibrating reeds, ehowing the equivalent circuit in the long1~

. tudinal and lateral directions, and the voltage distribution of the resonant - -
- .modes in each direction.  The dimensions, and hence, the resonant-fre-
quencies, of the resonator are comparable in the two directions. Suitable
spacing of the reeds displaces the lateral resonances (cross-modes) from
the iongitudmal mode

F1g4 5. : Crosa modes ve frequency. The crosa-modes are displaced in
frequency from the main mode throughout each range hence, the main
mode alene can be excited by the oscillator. . -

Fig. 6f . The circuit diagram of the cyclotron osciliator ngh speed pro- o
“tection against resonator-induced overcurrents in the grid a.nd anode -
‘? circuits is- provided by a thyratron crowbar, .

Fig. ;-7 Constrnction details of the oscillator. The weight of the oscillator
tube is supported by the polyethylene cone attached to the anode. The

o . ¥f circuitry is of coaxial construction. The low-conductivity anode-cooling

: -f.water is tranSported by means of two i-xn ~diam, neoprene fire hoses.

' -'-i:' ”Fig. 8 Blm:k dxagram of pulee-control system, The osciilator pulse is

" timed from the reed-position marker pulse. . The arc pulee isi tirned_, frem‘
 the rf by means of 2 tuned receiver. ’ o o ;

Fig. 9. Frequency vs temperature for reed modes, ‘Before the longitudinal S
slote were cut in the reed tip, the rf heating caused the resonant fre-
‘quency 6f the mechanical cross mode to coincide with that of the funda-

- mental mode. - The sevéh slots increased the lateral compliance and
‘reduced the resonant frequency of the cross mode so that only. the
fundamentai is” excited - : :

Fig 10, Block diagram of the reed control system. The reeds are excited -
by audio amplifiers. 'Reed 2-is self-excited and oscillates at ite own
j fundamental frequency. Reed 1 is driven from the signal generated by
" Reed 2 and is kept in tune by control of the d.c. compounent of motor
~current. The amplitude of each reed is controlled mdependently by
ectuating the gain of each ampliﬁer
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