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MEASUREMENT OF BEAM CURRENT IN THE BEVATRON
BY INDUCED VOLTAGES

John T. Lavrischeff

Radiation Labotatory
University of California
Berkeley, California

October 28, 1957
ABSTRACT

The Bevatron uses a system of electrodes through which the
internal proton beam passes in order to continuously measure the
magnitude and ‘radial position of the beam. The bunched circulating
beam induces a periodic voltage on the electrodes. This signal is
amplified and displayed on an oscilloscope and also converted to direct
current for operation of a recorder. Two types of electrode systems are
used. The first is a large hollow box to provide beam magnitude signals
for specialized monitoring and for primary calibration. The second
system consists of two sets of smaU.er electrodes. One set provides
beam radial-position information for tracking control, and the other
provides beam magnitude informétion for magnitude control and for
general distribution to experimenters associated with the Bevatron. A
telemetering radiollink is used to relay beam information to those in
other areas. Problems associated with handling the beam signal are
discﬁss'ed, ar;d the design principles involved in detection, amplification,
and isolation of the signal are described. Calibration techniques,
signal distribution facilities, and control features are also given. The -
systems described are stable and provide the desired infdrjmation with

a minimum of maintenance and operational difficulty.
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I. INTRODUCTION

The Bevatron at the University of California Radiation .Laboratory,
is a 6 billion-electron-volt (Bev) proton synchrotron. ! This device
receives a 9.8-Mev proton beam from a linear accelerator and further
accelerates a percentage of these protons, at a nominally constant radius
of almost 600 inches, to a final er;ergy gréater than 6 Bev. The particles
are kept at the constant radius by means of a time-varying magnetic
field. For a given energy and radius, there is only one value of magnetié
field that will keep the protons from spiraling inward or outward. '

A 500 -microsecond pulse of protons of nearly conétant energy
from the linear accelerator, starts to spiral into the aperture when
the average field of the Bevatron magnet rises to approximately 297
'gauss. The magnetic field increases at a rate of 8000 gauss per
second causing the prﬁtons entering the aperture late in the injection cycle
to develop radial betatron oscillations having arnplitﬁdes as large as
20 to 25 inches. In addition, vertical betatron oscillations occur owing
to divergence of the injected beam, gas scattering, and vertical im-
pe'rfections in magnet alignment, The net result is that by the time the
acceleration éycle starts, the injected beam is quite diffuse and has an
approximate cross section of 1 by 4 feet. .

The increase in particle energy is obtained by successively
passing the proton bunch through an 11-foot drift tube to which is
applied a radio-frequency potential. The-inject_ed protons are bunched
by applying the potential to the drift tube as soon é.s the magnetic field
rises to a value such that the instantaneous orbit for 9.8 -Mev protons
corresponds to a radius of 599-3/8 inches, the centerline of the chamber.
When the accelerating potential is first applied, the aperture may be |
considered to be filled with protons having the same instantaneous orbit
and all possible radial amplitudes from zero to the half width of the chamber.
Only those particles within a stable azimuthal range of approximately
180° start the acceleration cycle and become bunched. The other
(azimuthally distributed) particles are lost. Further losses occur
because radial oscillations (initiated by phase shifts) cause collisions

with aperture-limiting structures. The oscillations in radius, as well

—IWiHiam Brobeck, Design Study for a 10-Bev Magnetic Accelerator,

Rev. Sci. Instr., Vol. 19, No. 9, (1948) p. 545.
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as some oscillations in azimuth, occur because nét all the particles
arrive at the drift tube with optimum phase with respect to the radio-
frequency voltage. Protons arriving .at‘différent phases receive energy
increments differént from the value hecessary to maintéin their orbit
'cent_ered in the ape rture. _Ofxly those particles with azimuthal phase
exc‘urs'iq'ns within phase-stable limits continue to be accelerated. The.
burich_ed protons gain approximately 2 kilovolts of energy per revolution
as .they'.ciré:ulate through the drift tube. The brotons are"accele‘rated to
their final energy in a period Qf approximately 2 seconds. At the end of »
this period the magnetic field has increased from a 1;)w, value to 15,550
gauss and the radio fréquency has increased flrom' approximately 354 kc
to 2.5 Me, - | ‘ ; .

- The ‘r‘négnet structure is divided into quAadrants. with straight
sections interposed for injection, acceleration, measurement, and
experimentation. The straight sections are designated‘geographicallly
(See Fig. 1). The east straight section, which is used for injecﬁon,
has foom for a beam-detection device, and the south s;raight section is:
used primarily for devices relating to beam detection or control. It is
the beam -detéction devices and the utilization of their signlals with which
this 'report is primarilyv concerned. Because of the'sources'ofb their
signals, the systems for measurement of beam current are calied,

respectively, the east and south induction-electrode systems.
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II. BEAM DETECTION DEVICES

There are many available methods of beam detection based upon
collection or deflection techniques; however, a nondestructive method
was sought.  Such methods are generally based upon electromagnetic
interactions with a passive device. Since the circulating beam is
bunched, either magnetic or electric induction may be used to detect
the presence of the charge. Electric induction was chosen in preference
to magnetic induction in the Bevatron for a variety of reasons. The
magnetically induced emf varies as tll'le‘ square of the rotational
[requency of:the'chaz:ge, Therefore, the available signal is small in
the early portion of the acceleration cycle. Furthermore, the output
voltage of a pickup coil is rcduced at the high-energy end of the
acceleration cycle owing to the self-capacitance of the coil. Fiually,

a useful signal-to-noise ratio is difficult to attain because of induced
transient voltages from the large pulsed magnet of the accelerator.

Electric induction also presents certain practical disadvantages.
As a highfimpédarice device, it must be carefully shielded from stray

coupling to accelerating -electrode radio frequency fields and also from
induced voltages resulting from transients from the magnet power-supply
ignitrons. Sensitivity to low beam current dictates large physical size
(especially in length); however, for good frequency characteristics

the capacitance to surroundings should be low, indicating small physical
size. In addition, the electrode and connections to the electrode must

be such that the beam bunches will not excite disturbing resonances in |
the electrode system. Despite these disadvantages, the electric -in-
duction method of detection has been found to be quite satisfactory. '

It may be used for continuous measurement of beam current during the
acceleration cycle, for observation of azimuthal charge -density distri-
bution within the bunch, for observation of phase oscillations during the
cycle, and, by means of special split-electrode geometry, for observation
of the radial position of the circulating beam. The latter is useful in

manual or automatic beam tracking.

2Wi]lliam A. Wenzel, Bevatron Internai Beam Monitor, 1n Bevatron
Targets, Beam Energy and Current Monitor, Bevatron Report No. 117,
Feb, 1956, p. 12,

3Harry G. Heard, Bevatron Beam Induction Electrodes, UCRL-3609,
Feb. 1957,
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‘ I11. ELECTRIC INDUCTION ELECTRODE

A. Mathematical Analys1s of Voltage Induced

The electrlc -1nductlon electrode consists of an insulated structure
so placed within the aperture of the Bevatron magnet that the circulating
beam passes through it wlthoot obstruction. As the bunched charge
passes near the electrode, a charge is induced on the electrode with
reépect to ground and current flows through the input lmpedance of a
measurement system attached between the electrode and ground If
the response of the system is adequate, the voltage developed at the
system input is proportional to the instantaneous charge in that port1on
of the beam in the immediate vicinity of the electrode. The peak induced
voltage is directly proportional to the peak density of charge in the
circulating beam. The average voltage developed by the 1nduct1on
electrode may be expressed in terms of the d1str1but1on of the den51ty

of charge within the bunch as

* 2n
D '
Vi, = V(¢) d¢ , (1)
2m :
0
‘where V is the average induced voltage for a bunch and V(o) ‘1s the

Av ‘ A
voltage developed at any time when the relative phase of the bunchiwith

respect to some arbitrary reference is ¢. If the effective length of the
electrode is £ and the path length of the circulating bunch aroungd the
Bevatron is L, this voltage may be expressed in terms of the charge
q(¢) and the capacity C of the electrode to 1ts surroundings as
2m :
Veo= | (2/L) @@)/C) do = (4+—) 2 (2)
AV e _ T ' T -
0 -
where Q is the total charge in the bunch. The effective path of the
bunch is not exactly circular because the magnet structure consists of

four quadrants with intervening straight sections. If the radius of the

quadrant path is r , the length of the straight section is s, and the
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total charge is shown as -the number of particles N multiplied by the
charge on the-individual particles gq, the induced voltage may be ex-

pressed as
v = [ﬁ /(Z'n'.:r + 4s§"}]q_/ctl (3)

For the mductmn electrode located in the east stralght section the con-
' stants in Eq (3)are £:=48, 6—1nches, = 600 1nches, = 240 1nches,
q-=1. 60 x 107 -19 coulombs, and . C = 356 ppf. Thus we obtain

:Eq/(ZTrr + 45)CN ={48.6) (1.60 x 10719 /lgiéoo‘ = + 960)(3.56 x107

7

='4.61 x 10712

or for c1rculat1ng beam of 1010 protons an induced vbltage of 46.1 mv

N volts,
may be expected.

B. Noise Sources

In induction electrodes, as in all devices used for measuring
any quantity, there arises the problem of the signal-to-noise ratio.
-Noise may be defined as any phenofnenon or disturbance of the system
that may eventually find its way into the indicating or recording device
.but is not part of the signal to be measured or detected. 'For reliable
measurement, the noise must be considerably less than the signal being
. measured.

Noise in the induction-e.lec;trodé system may be defined as con-
sisting of any phenomenon that causes an indication of beam to be re-
corded when no beam is being injected for acceleration, yét normal
accelerating potentials and fields are applied. The desired signal
must exceed the noise by a factor of 2 or 3 for reliable indication of beam.
. However, where beam current is integrated over a long period of time
involving many acceleration cycles, the beam signal should be at least
an order of magnitude removed from the noise in order that a reliable

total measurement may be obtained.
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One of the most common sources of extraneous signal in the
measurement systems associated with the Bevatron is voltage induced
by magnetic fields. Magnetic shielding’ of componenté susceptible to
this type of interference, inclluding‘the indicating and recording instru-
ments, eliminates most of the noise due to this source in the induction-
electrode systems. Further precaufions involving cable runs were also
necessary to remove the rest of the noise due to this source. Twisted
pair cable and coaxial cable were found to be satisfactory in having
minimum included area in any loop capable of having voltages induced
by the magnetic field. This type of noise voltage may easily be induced
in ground loops, which is one. of the reasons for rigorously avoiding
multiple ground paths in the induction electrode systems.

The magnet power supply constitutes a noise source in itself in -
that ignitron switching transignfs are radiated to all equipment associated
with the accelerator. However, for the induction electrode systems,
the radio-fre(;uency energy radiated from the equipm.ent producing the
rf accelerating potential constitutes the greatest source of radiated
noise. FElectrostatic shielding procedures and careful grounding have
been most useful in reducing this type of interference; however, the
largest part of the remaining noise in the induction electrode systems
is due to pickup of radiated rf ‘enetrgy. The problem is complicated
by the fact that the noise J;.n this case is within the pass band of the
measuring systerh. 1In fact, at any instant in the acceleration cycle, the
frequency of the induction electrode signal and the frequency of the rf
pickup are the same. Single-shi€ld techniques fail in such a situation
because of the difficulty in maintaining an effective ground at all points
of the shield. In coaxial cable carrying low-level signals the rf
picked up along the outer conductor may be far greater than the desired
signal. Double -shield techniques allow the inner shield to b‘;-ta shielded
common return for internal signals and this effect a great reduction of
rf pickup. In this manner the pickup is largely confined to the outer
shield, which is not part of the signal circuit. The induction-electrode
systems use double-shielded cable and double -shielded enclosures to

maintain signal transmission in the presence of high rf radiation.
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' Other noise sources are ‘of internal nature. Vaeuum tube
amphfiers are used Wthh have been designed to contribute very little
internal no1se, dc c1rcu1ts have been stabilized to prevent zero drifts
and other level shifts wh1ch could cause extraneous 51gna1 output The
contributlon from these sources is far below that due to rf plckup, in
any case. . ‘

Effective techniques for discrimination against noise in the induction
electrode systems have been the use of double electrostatic shielding and
of some magnetic shielding, and the exclusion of loops upon which
magnet voltage could be induced. The double shield scheme was found
to be most successful when the inner shield was returned to a one -point
ground, preferably at the signal'source; and lthe grounding of the outcr
shield was experimentally determined for minimum noise. In the east
induction-electrode system, such techniques have kept the noise level
at the input of the system below 12 pv peak to peak (pk-pk) across
195 . ohms, measured in a band width of 100 kc to 20 Mc. The south
induction-electrode system utilizes more than one ‘'signal source, and
at present the inner-shield ground return is made at a point removed
from the electrodes. The noise level at the system input is below
35 pv pkA—pk’ across 195 ohms, in a band width of 100 kc to 20 Mc.
This could probably be reduced further by selection of one side of one "
signal source as the system ground reference and attendant isolation

of the other electrodes and the rest of the system. |
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IV. EAST INDUCTION-ELECTRODE SYSTEM

A’ Induction-Electrode Signal
b
The east induction electrode has the form of a hollow box enclosing

the beam path. The induced charge with respect to ground is transferred
by means of a 200 -ohm coaxial transiission line to amplifying equipment.
If the line is properly terminated, its impedance becomes the lower .
portion of a voltage divider. The upper portion of the divider is formed
by the source impedance of the electrode. The electrode is essentially

a. capacitive source. .The calculated sensitivity of the east induction
electrode was shown in III-A to be 4.61 x 10'12, average volt per proton
on the basis of a high impedance generator feeding the lumped capacitance
of the electrode (capacitance to guard rings and other surroundings).

The peak amplitude of the induction-electrode signal is not useful
for pP¥imary calibration because the density distribution of the circulating
charge varies with drift tube voltage and the peak amplitude is directly
proportional to the density of cha.'rge. For this reason and because other
variables can introduce distortion of the induced signal on the electrode,

. a band-pass amplifier is used to yield the fundamental frequency. In-
formation for the record is not needed at the lower energies and a
frequency range from 2.0 to 2.5 Mc is sufficient. This has the additional
~advantage of reducing the noise by about an order of magnitude.

Accurate use of instrumentation that operates on only the
fundamental fre'quencf of the beam signal depends on knowing the ratio
between the amplitude of the average voltage and the amplitude of the
fundamental component. This ratio has been determined (in
Appendix A) to be 1.85. Doubling the 1.85 figure to arrive at a
pk;pk -value (for convenience in reading oscilloscope displays) and
multiplying by the 4.61 x 10-127 - volt calculated sensitivity yields about
17 x 10'12 volt per proton which, when divided by the capacitance of the
electrode and reduced 1% or so in the transmissidn line, comes out
about 120 mv at the input to the amplifying equipment for lqlovprotons.
This figure represents the amount of sine wave signal (measured pk -pk)
that one.would apply at the input to the amplifiers in order to calibrate

the system for a beam signal equivalent to that obtained when the beam
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intensity is 1010 protons per pulse. On this basis, the system was

designed to handle input signals from 12 uv (106 protons) to 12 volts
12 ~

(10"~ protons).

B Amplifiers for Induction- Electrode S1gna1

- The amphtude range indicated above’ lends 1tse1f to six steps of

- amplification, each constituting a relative voltage gain of 20 db. Two

" Hewlett-Packard (H-P) 460A wide -band amplifiers, & 2 0-Mc amplifier
and a 20-db attenuator provide the steps required. The two highest-gain
steps use-all the émplifiers and the attenuator, the next two steps use

the 20<-Mé amplifier and the attenuator, and the two lowest-gain positions
use a direct connection and the attenuator. The switching is accomplished
with low-leakagc transfer relays.

- A block diagram of the entire system is shown in Fig, 2. The
induction electrode is located in the east straight section of the Bevatron.
The signals are carried by means of a double -shielded transmission line
to a double-shielded enclosure located on a platform adjacent to the
straight section (see Figs. 3 and 4). The enclosure contains the amplifying
and calibrating equipment, including the gain-change relay panel, which
determines the amplification in the system. '

The signal leaving the gain-change relays is essentially normalized
to be in the range of 120 mv to 1.2 volts, providing the appropriate gain
step is used. In this way monitoring of the wide dyndn'nc range of bearn
signals from the electrode is reduced to the use of equipment that is
linear over a 10-to-1 amplitude range. Such equipment is the band-pass
amplifier and péak detector, which immediately follows the gain-changing
system. |

The fundamental component of the beam signal is extracted in the
band -pass amplifier and is peak-detected in such a manner that an input
from 120 mv to 1.2 volts causes a dc output from 5 volts to 50 volts,
which is then sent to the main control room for recording and distribution to
remote recorders. A feature of the band-pass amplifier that boosts the
signal to a level capable of linear diode detection is the'applicatio_n of

"ultralinear'" techniques to a video-type feedback amplifier, i.e., a
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ZN 1812

Fig. 3. Front view of Bevatron east induction-electrode system-
double -shield amplifier enclosure. Units from bottom
to top: line filter; power supply; calibration-signal
generator; band-pass amplifier and peak detector;
gain-change relay panel; 100 kc —20-Mc amplifier
(2 panels); H-P 450A amplifier; H-P 450A amplifier.
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ZN 1811

Fig. 4. Back view of Bevatron east induction-electrode system-
double -shield amplifier enclosure. Units from bottom
to top: line filter; power supply; calibration-signal
generator; band-pass amplifier and peak detector;
gain-change relay panel; 100 kc—20-Mc amplifier
(2 panels); H-P 450A amplifier; H-P 450A amplifier.
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portion of the output signal of a pentode amplifier is fed back to its

screen, thus minimizing the curvature of the transfer characteristic.

C. Method for Continuous Calibration

The role of the unit consisting of the band-pass amplifier and
the peak detector does not end with simple amplification and detection
of the beam signal. This unit is shown expanded in block form in Fig. 5.
At the end of the acceleration cycle, when beam signal is no longer
present, a calibration signal is applied to the input of the gain-changing
system. The signal is derived from a source that is amplitude -stabilized
wilthin 0,1% and has a frequency in the center of the range of the band-
pass amplifier. (1his signal source is described in Appendix B.) The
calibration signal is of such an amplitude that on each décade range of
the system the output from the detector is 50 volts. This voltage is
applied to one side of the input of a continuous balance amplifier and the
other side of the input is connected to a 50 -volt tap on the electronically
regulated power supply that is used for the equipment. The continuous -
balance amplifier operates a servomotor as long as an input difference
signal is present. The motor is mechanically linked to the gain-control
potentiometer of the band-pass amplifier; if an input-difference signal
is present the gain is brought to the point where the 50-volt signal from
the detector matches the 50 -volt reference, and a zero difference signal
is presented to the input of the balance amplifier, Sufficient gain is
included in the servo loop to insure holding the system to the reference.
At the beginning of each acceleration cycle, the calibration signal is
removed, the input to the balance amplifier is held shorted, the servo-
motor is not allowed to turn, and the band-pass amplifier and peak-
detector unit functions with beam signal as previously described.

To prevent the calibration signal applied to the system between
cycles from confusing the beam record, a relay is used to keep the dc
signal line to the main control room discharged during the calibrating
period. However, a manual calibration control is provided in the form

of a button in the main control room which does allow read-out of the
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calibration signadl and also holds the system in calibration irrespective

of operational triggers associated with automatic calibration.

D. Signal Distribution

The dc signai to the main control room is distributed by means
of a four-channel cathode follower (see Fig. 2). One channel feeds the
recording equipment in the main control room and the others are used
through a distribution panel in the counting equipment area to feed re-.
mote recording equipment. The foﬁr-channel cathode follower utilizes
stabilized circuitry to maintain zero dc out for zero dc in within 5 mv,
long term.. Linearity is within 0.1% for up to 50 volts dc -output, which
is the normal maximum signal level. (The circuit is described in

Appendix C.)

E. Recording Equipment

The dc signal from one of the channels in the four-channel cathode
follAQwer is used exclusively for recording equipment in the main control
room. A transfer panel containing a low-leakage dc operated relay.
connects a small capacitor to the signal line until the relay circuit is
triggered by a magnet-current marker to transter the charge Lo the
recording eqﬁipment. Triggers in the range from 0.8 Bev to full energy
can be accommodated. The charge is transferred during a 1-second
interval to a large capacitor which is the integrating capac‘itor of an
integrating electrometer, then the small capacitor is returned to the
signal line. Both ends of the capacitor are switched to effect ground-
circuit isolation between equipment near the éast straight section and
equipment in the main control room. For a 50-volt signal and a 0.1-
pf transfer capacitor, 500 mv dc output~is" obtained from the 10-pf
intégrating capacitor. . A feedback divider having several taps and
located in the electrometer unit allows use of a 0-to-10mv strip-chart
recorder of the self-balancing servo-pen type, with a choice of
sensitivities. The positions of this divider are labeled in terms of
"Protons Full Scale. - Times Decade Multiplier." The maximum-

sensitivity position on the electrometer is used when the full pen
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travel of the recorder is desired to record the beam signal ona per-
pulse or pel;-a(:qeleration c‘:yclie basis. "flﬁlispositiio:n of the divider
switch is labeleci '""10." In this rhodq the iqtegrating capacitor is
discharged between pulses. The minii‘hum-e;ensiﬁvity position is useful
when it is desired to record the total integrated beam over many pulses.
'This position is labeled ""100". In this mode a 'stair-step" record is
obtained, with a rnaxir'nun;-level éignal causing é pen d.veflectiori of one-
'_teAnth fu}l scale eééh pulse,. Wﬁen the peh has worked up to the full-scale
'pos'ition, the integrating c:‘alpacitor is discharged and the prQ:cess is repeated.
At the end of a ‘run the 'number of' compléted zero-to-full -scale sweeps
can be counted to indicate the integrated beam achieved during the run.

A preset counter actuated by a limit switch on the recorder can be used
to turn off the Bevatron rf after the desired level of beam has been
received by the experimenters.,

A small pen operating on the margin of the chart indicates the
decade multiplier in use by indexing one minor division for each step of
gain in the system. |

Similar recording equipment can be used at remote experimental
areas by patching into the counting equipment area distribution panél'for

signals.

F. Control Features

A system control panel is located ;t the ope réting console adjacent
to the controls for the south induction electrode system. Preprogramming
selectors allow setup of the desired decade range of sensitivity for each
channel of the three-channel sequencing autopilot (i.e., automatic control
system.) The south system is useful for determination of the appropriate
range to use. Decade-multiplier lights indicate at all times the sensitivity
of the system in terms of protons per pulse (in the range from one to ten)
times the multiplier light that is on. The decade light signals are
duplicated at the distribution panel in the counting area for use with
lights at remote recorders. A push-for=fu11-scalﬁ-signal button is
located on the system control panel for reading out the calibration signal

on the recorders. This button is also duplicated at the recorder control
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panel where the "full scale“ and "mtegrate" modés of the recorder can be
" set up and calibrated. The recorder control panel also mcorporates a
bidirectional horﬁing rotary relay sys tem which operates the selsyn

drive for the recorder side pen. -For the '"full scale' mode, a one-shot
multivibrator is used to operate a reisy that, at the end of each pulse,
d1scharges the mtegratmg capacitor. A switch on the recorder control
panel connects the dlscharge relay to the recorder limit switch on the
"'1ntegrate” mode. The "integrate' mode is considered the normal mode
of operatmn, whereas the "full scale' mode is useful for calibration of
Athe system descrlbed and also for primary calibration of the south

1nduct10n electrode system, which is described later.
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V. SOUTH INDUCTION-ELECTRODE SYSTEM

A. Induction‘-Electrrode 'Si.gna.lls
In the south straight section of the Bévatron the south '"'sum"
electrode is located. The south sum electrode is 'si-mile}i‘. to the east
electrode but physically smaller. The south étraight section also contains
a-pair of induction electrodes divided on a vertical ptane through the
center of the aperture so that a signal is generated which indicates the
radial position of the-beam with resp'ect to the aperture centerline. The
sum electrode is so called because it produces a signal proportional to
the beam over the entire aperture. The induced charges on the sum
electrode and on each of the pair of radial position electrodes are trans-
- ferred to 200 -ohm coaxial transmission lines by means of emitter
followers (common-collector transistor circuits) mounted at the
electrodes. The voltage on the sum line was determined, by cross-
calibration against the east induction-electrode system, to be approxi-
mately 35 mv across 200 ohms for a beam of 1 x 1010 protons. The
radial-position electrodes. each produce approximately one -half as much
signal for a given beam intensity as the sum electrode. ' For the sum
signal, then, the usable amplitude range is from 3~5'|.w, (107 protons) to
something approaching 3.5 volts (10‘12, protons). The limiting factor in
. monitoring higher beam irlltAensvity.is the restricted dynamic range' of the

.emitter follower.

B. Amplifiers for Induction-Electrode Signals

The amplitude range indicated above lends itself to five steps of

amplification, each constituting ‘a relative voltage gain of 20db. Two
H-P 460A wide -band amplifiers and a 20-db attenuator provide the first
two setps, the next two are obtained by switching in the attenuator when
only the line-driving amplifier is operative, and the last step involves
‘switching to the - 20-db input of the line-driving amplifier. The
switching is accomplished with low -leakage transfer relays. There are
three such channels of amplification. Band width in the systems is

limited mainly by the line -driving video amplifiers, which have a
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frequency response of 100 kc to 20 Mc. The result of the gain-changing
system is to present a signal on the lines to the main control room which
is always in the range of 0.1 Vélt to 1.0 volt for the amplified sum signal,
and 0.05 volt for each of the amplified radial-position signals. The five
gain steps are referred to in terms of the system's capability of
monitoring beam. intensity, i.e., step 1 monitors beam intensities in the.

range of I x 10 to 10 x 107 protons, step 2 monitors beam between 1 x 108

and 10 x 108, and so on, to step 5, which extends to 10 x 1'011. The
signal-to-noise ratio is preserved by having the amplification close to the
induction electrodes and having the gain change handled remotely from the
main control room either by the operator or automatically in a preprogrammed
sequence by the autopilot. A block diagram of the entire system is shown

in Fig. 6 and the double-shielded enclosure for the three channels of amplifiers

is-shown in Fig. 7.

C. Isolation of Amplified Signals

The amplified south sum electrode signal is of general utility in
coritrastAto' the east induction-electrode signal, which is used for primary
calibration. It is used to drive the beam -regulating equipment, which
provides a preset level of beam, it is used for oscillographic display
in the main control room, and it is available at several convenient
locations for the experimenters. It is also used to drive the telemetering
radio link by means of a special band-pass video detector which is described
below under '""Protons-per-Pulse Meter." In order to provide signal
isolation between the various outputs so that there may be no interaction
of equipment, separate cathode followers drive each distribution line as
shown.in Fig, 8. As there are seven output channels, the reactive loading
of seven cathode followers connected in parallel to one input line might
lose the 20-Mc system response, This problem is circumvented ‘by using
three low -input reactance cathode followers to drive the distribution followers‘,
The three input followers present a total capacitance to the input line of
about 15 ppf. The low capacitance, of less than 5 ppuf per follower, is ob-
tained by“bootstrapping” the plate from the cathode so that the grid-plate
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Fig. 6. Bevatron south induction-electrode system (block

diagram).
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Fig. 7. South induction-electrode-system amplifiers. View
shows an isolated rack in an enclosure of copper-plated
screen. Description: Bottom seven units, calibration
signal generator, power supply, and amplifiers for sum
signal; top eight units, amplifiers for radial -pesition
signals.
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pass amplifier, peak detector, and 7-channel cathode
follower.



-27-

PG THRY PGlo
UC.RL. /1252 Gonul.
(7504 FROM CHASS(5)

75

JA

_Fén 255V PK-PK 22
5T o 1254 Biock DiaseaM_ /— .

..... ss[ AC rAdr)

13
1 ’ ” )
il 7o ExperimgenTiL AREA
i t

- |74 ’
= ;. » Jo Boon 14
AMPLIp £O S0, Sing

16, IV (1252) ——E

7o EQPT STASING AREA
o MER. 5coPE THRY [ PIF MIXER

V4
T3 Cown FING ARER
Sraes
T2 T&, & AT
DRI s Moy
E 7B PROTONS -Psi PulSE
P METER MEMORY UNIT
055V PK-FK
INTe 1258 DPERATION  NOTES
| Acoireer) ~THIE UNIT PACILITATES THE LISTRIBUTION OF AMPLIFIED Bum
’e N ELECTRIPE SIGNALE, SEYEN A.C.UTPLTS ANG A SPE/AL LL.
1|77 18 ZITPUT ARE PRIVIEEDL,
jleg 2 THE INPUT CATHIDE FOLLINERE( I IAVE) AEE DESIGNED T0
! || B MINIMIZE LOADING OF THE INFUIT LINE & RESTRICT TIIAL WPUT
L&t 2T CAFASITANCE T2 LESS THAN 15 MMF
;. “THE QUTRUT CATHIDE FO.LOWERS PEOYDE UP T2 25V, AEIK TO Pk

DuTPIT 1470 B IET PUM CINE, TN 120 THANBF220YE RS PRIy 1
TR Sild T (A dTION.
“THE C2.0/7PUT IS THE CETECTELD SlaNAe FEEM THE BANG FASS VICEC
AMP (VE,V18) THIS AMP.IF/ER (5 FuhT WITHIN /% BETWEEN 204 2.5 ME.
LN ERRITY THCIAGH A1 102 RLNGE 26 D) 70 [PV TELK 7o PEAK
1% PLé ge/{a‘ N THE B .-".;’./,‘ Er MEANS OF T STABILIZED
CATHODE Fric2nw¥ @/ WE) . VIDES AMP LINEARITY 15 IMPRC/ED BY
_____ AFFeICATION 2F A FoRT: 74/ PF THE ZUTPUT OF (/15 T2 THE S5 88EN
78 e DF 118 THRS CATHILE FooniWER (/1A

VERZHL - NOTSE

" BB, BV, PK-Pi

EJ_ i d INTS 1254 L THE L TG SEL .z@ U TG NSRS, AT 4O NP & TP FLAT
B e ——— 17 WY P ) LOPRE. T2 12K, B W i FE ThAN 208 Dos y4r ZOME, Eay (GRS
4 XFAs =2 e SHIELOED Eox 28 oMPARTMENT:
I \,\ “Aie BESIETITE AREFN, INLESS NOTED OTHERWISE.
: g SoapE CHANNEL - Bune Pl‘l{f/- 74 /.‘; /./NEU TN ASSSABLY. TR BE f‘l}'
AP WITHIN |78 BETHEN 22 T2 2.2 Me.
[2/% v/4 vi/é viz
128Y7 215465 “ £4é.9 5963
’ < KW G&.
52 2 55570 =
; = 5/’5;1’
JArakd I AZL
sz/yﬂ/l =2 ‘\
\ 34 A
St F44 2508 L= 3
N\
478 yirs 7 it ) ’
os8 2 3 3 e WONTT)? piac. 2urr)
/002 > <S£7 3 W %8 (T . -
T el Tom L a3 S 5% 7 | SO
ST = 2e < T 2w 111 & A SURR/S
2 Tas.008mF S @57 ALt 8,
Tk et s /123 PaneL Pt

Fig. 8 continued.



-28-

capacitance of the tube is driven.from the low impedanc{:'e cathode rather
than from the input. Wiring capa(cifanc_e is n.qinir‘nized'by dri\?ing the
bottom _terminals‘ of tie -i)oint supports as a guard fiﬁg, strapped to the
tube cathode. Pulse transformeré t:ested for f_requency reAspo.rvlse provide
ground-circuit isolation for all outputs. The 6ﬁtput éfnplitude is generally

in the range from 0.05 volt to 0.5 volt across 125 ohms. "

D. Protons -per-Pulse Meter

The general utility signa,is deécribed above are not useful for
absolute -fnagnitude_ meésurerﬁents of beam intensitsr (for re;}sdns dis-
cussed earlier in IV, A unlesé a filter is used to extract the fundamental -
freqﬁen_cy component of the signal. For the purpose .‘c’.f flexibility in absolute -
magnitude monitoring in the main control room a band-pass videos amplifier
is used to drive a detector (see Fig. 8). The detector yields the envelope
of the amplified sum electrode signal. The band-pass video amplifier
receiveé its input signal from one of the three input isolation cathode
followers. The amplitude respf)use‘is within 1% from 2.0 Mc to 2.5 Mc.
Thus, beafn intensity may be measured from about 0.8 Bev to full energy
during each pulse. A transformer is inserted in the circuit path before
l detectron for ground isolation. -Stabilized dc cathode followers driQe a
"memory'" capacitor at a time during the pulse selected by the operator.
The charge is measured by an electrometer-input vacuum tube voltmeter
which operates a meter with a scale linearized to the movement and
calibrated from 0 to 10 "protons -per-pulse times multiplier." The
multiplier indicators are five neon lamps corresponding to the five steps
of amplification that the operator or autopilot may select. They are
labeled " x 107“, "x 108,” " x 109,” "ox 1010,” and '" x 1011.“ Tone
generators encode the decade range for modulation of the telemetering
radio link. The driving signal for the protons —per—puise meter also operates
a small strip-chért recorder to provide a permanent reéord for the operators.

Beam-intensity information is supplied to the telemetering radio
link from a separate ''memory" system. Sampling occurs at a fixed

time before the actual end of the acceleration cycle to avoid calibration
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errors that may be introduced by various '"beam-spilling' techniques.

A fixed attenuation of this telemetering information attempts to A
similate the loss in beam intensity between the time of sampling and

the end of acceleration with no beam spilling. The amplitude information
. is fed to a variable -frequency tone generator which modulates the

transmitted carrier for the period between acceleration cycles.

E. Calibration Signal

A signal géﬁeratur is located near the south straight section which
delivers a 2,3-Mc signal, amplitude -stabilized within 0.1% (see
Appendix II). - The célibration signal is applied to the amplifiers in the
two radial -position channels betwcen acceleration cyclés. The signal
may be applied to the. sum channel by means of a push button-in the main
control room. Precision attenuators in the signal generator, controlled
by the same system as operates the video-amplifier gain-change relay
‘panels, provide a signal correSponding to the maximum capabilities of
the system on each of the five decade ranges of sensitivity. The operator
may adjust the electrical zero and full-scale sensitivity of the protons -
per-pulse meter and strip-chart recorder in the main control room to
"compensafe for gain changes in the meter system. This adjustment |
presumes linearity in the sir'stem up to the full-scale signal level used

' for calibration.
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VI. CONCLUSIONS

The primary purpose of the Bevatron is to produce a beam of
high-energy protons for expefiinentation. The induction-electrode
systems described provide information concerning the beam current,
either on a per-pulse basis, or on an integrated basis foz"Aexpe rimental
runs which may last hours or days.” Two other functions are provided.
The induction electrode systénis supply information required for
maintenance of reliable operation of the accelerator, and théy provide
information about beam dynamics that is a necessary part of the program
. of continual improvement ot Bevatron operation. ‘ ‘

. Inforimation for the experimenters' record is generally required at
only one point in the acceleration cycle. Furthermore,‘ only the amplitude
of the fundamental -frequency'component of the induction-electrode signal
(at the chosen point of measurement) is useful for permanent record.

This leads“to the choice of either a tuned or a band-pass amplifier. The
band-pass amplifier has the clear-cut advantage over a manually tuned
circuit that troublesome tuning and frequency-drift effects are avoided.
The systems described use a band-pass amplifier. The band-pass circuit
requires more tubgé to amplify the signal to a point where good linearity
results, using, say, diode rectification, In addition, a flat frequency
response is required within, say, 1/2%, over a wide frequency rénge

"if a wide range of energies is fo be accommodated. The critical

initial adjustment of such a filter circuit becomes pr'ohibiti“ve if many

are to be built; and in any case the harmonic rejection must remain good.

In the light of expeFtience obtained with the band-pass circuits,
some improvements are possible for future work. A frequencg‘r"-tracking
'tuned ‘amplifier could be used, as for the accelerating-electrode voltage.
This would add some complexity, but would achieve a better signal-to-
noise ratio and would continuously read out the amplitude of the
‘fundamental -frequency component. Simple time gating would then provide

one -point measurement for the experimenter.
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The scheme described for storing beam-current information
involves pen recorders on each system. An alternative scheme would
be to digitize the recorded dc voltage and read out directly on a
digital voltmeter calibrated in terms of protons. This scheme would
permit easy .#eproduction for remote indicators, but it has the dis-
advantage of complicating the handling of the decade multiplier factor.
Printed tape or cards could store the digitized information; however,
such methods lose the graphic representation of beam fluctuations and
trends that are so readily observed on pen-recorder charts.

The east induction-electrode systém is an automatic calibrating
system of instrumentation by means of which the absolute magnitude of
the heam intensity may he recarded. Variables within the system have
for the most part been held to 0.1% i‘n 'o:rd.er that the ovver-all system
.accuracy can be 1%. The maximum system noise is equivalent to a
beam signai corresponding to 106 protons per pulse.

The south induction-electrode systernl is capable of i.r;ternal
. calibration to the extent of operator adjustme‘nts of meter (or recorder)
zero and full-scale sensitivity to a fixed signal. Actual calibration
consists of cross-calibration against the east system. Over-all
accuracy can be set up on the order of 3 to 5%. The maximum systemn
noise is equivalent to a beam signal éorresponding to 107 protons per
pulse. The greatest utility of the south system’h‘as been to provide
a variety"of stable signals that can be used relatively to position the
beam, regulate bear‘n'intensity, prqvide' beam information tu e;[perl-
menters, and drive the telemetering radio link that is used to relay
beam information to those in other areas. .

The two systems have been shown to be capAable of providing the
facilities indicate,d, with a minimum of operational difficulty and need
for maintenance. It should be stressed that absolute experimental
yields are strongly dependent on target size and shape, and on the
magnetic focusing properties of the Bevatron field and auxiliary fields.
The accuracy of the internal beam measurements is such fl;lat, in most
cases, the factors just indicated will limit the absolute expe rimqntal
accuracy attainable before consideration need be given to the accuracy

of the induction-electrode system.
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APPENDICES

A. Ratio of Fundamental Component Amplitude
to the Average Value of Induced Voltage

The induction-electrode signal consists of a train of half-sine -
wave -like pulses greatly resembling the output waveform of a half-wave
rectifier'but with the pulse width reduced by a factor of two (see Fig. 9).
A Fourier analysivs of such a wave form is relatively straightforward

and yields a ratio of nth term to average term of the form

A /A = w/z‘;Ein 2D /), sinmjz[)tio/2] J . s
o/ 20 /2 [ - (n/2] /2 [1' +(n/2)] |

For n =1 the ratio of the fundamental component to the average-

component becomes

A/By =7/2 [51“‘,"/4 4 Sin 3»"/4:]' ¥1.85 . (2A)
/4 - 3m/4

The assumption of a sine -wave -type 'pulse, of base width m/2 and
periodicity 2w, is only one possible model of the signal. However,
- reference to the nth- term ratio (1A) indicateé that the ratio is not very
‘sensitive to the general shape of the wave form. Therefore the AI/AO
ratio shown is justified.” Photographs of the induction-electrode signal
have shown the duty cycle to be fairly reproducible under normal operating
conditionsy~ Aﬁ important additional consideration is that all of the experi-
mental information obtained with the Bevatron to date is based upon beam-
current calibration involving the ratio given, so that if a different model and
ratio were chosen they would introduce a multiplying factor between the

old and new experimental data.
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Fig. 9. Half-sine-wave pulses simulating the induction-
electrode signal.
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B. Calibration-Signal Source

A radio-frequency signal generator having amplitude stability

better than 0.1% is used for calibration of-the induction-electrode systems.
The circuit is characterized by the use of a temperature -limited diode
as a sensing element to develop feedback voltége, which is amplified and
used to amplitude -stabilize the oscillator. Special features include |
maintenance of stability over long periods of time,  readily available
components, and good performance in strong magnetic fields.
, A simp‘iified schematic diagram is shown in Fig. 10. A beam
power tube, VI, is used as the oscillator in a grounded plate Colpitts
circuit, The oséillator frequency (nominally 2.3 Mc) is, adjusfable by
means of L1. The output of the oscillator goes largely to losses in the
grid circuit, which are concentrated in the resistance of the filament
of regulator diode V2 by the simple expedient of tuning the reactance
. out of the filament and placiﬁg it in series with LLl. Approximately
320 ma rms current is supplied to this filament. The sbignal -generator
output voltage is taken from across this filament and is determined solely
by the characteristics of V2. The diode is a tungsten-filament type
manufactured by Thermosen, Inc., having stable emission characteristics
suitable. for this application,. Th.e normal voltage drop across the filament
" for temperature -limited operation is of the order of 5.1 volts pk—-pk, An
oscillator with reseryve power is used so that output current in the range
from zero to over 20 ma. can be supplied without loss of current through
the filament. | | |
Variations in V2 filament heating arising from variations in output
" load, oscillator-supply voltage, or oscillator tubes cause the plate current
of the diode.to vary and thus unbalance the bridge consisting of V2, R2, R3,
and R4. Unbalance potentials in the bridge are applied to low -drift
balanced-load differential ‘amplifier V3, The unbalance signal is further
amplified by direct-cdupled stage V4A. V5 serves to hold the cathode of
this stage at a high enough potential to avoid unnecessary coupling losses
in transferring the sigﬂal to the grid of V4A., The amplified unbalance
sigﬁal'is‘ then directly coupled to V4B, which serves as a cathode follower

| to"s{lpply-screen \}oltage to the oscillator tube, V1. The signal then causes
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the amplitude of the oscillations to increase or decrease as necessary
. to maintain heating of the filament of V2 in such a way that the plate

current of V2 is the value necessary to keep the bridge in balance.

C. Stable dc Cathode Follower

The inherent negative feedback of the cathode follower does not
always afford the degree of stability and linearity desired for a particular
dc application. Special techniques, such as the use of a constant-
current device in place of the cathode resistor, greatly increase the
linearity and, to a lesser degree, the stability. 4 Such circuitry was
used in the south induction electrode system. The east induction
electrode eyetem was required to have individual circuit stability
and linearity of the order of 0.1% which, in-a dc cathode follower,
‘necessitated an entirely different approacH. . The circuit that was
developed resembles in some respects the augmented cathode follower
used as a driver in high-power audio work. > However, the dc
characteristics of the cathode follower to be described are far superior.
The difference between input and output voltage remains fixed within 5 mv
‘even on a long-term basis. . . '

The circuit is shown in Fig. 11. Here V1 is a differential amplifier
using a low-drift tube developed by Raytheon for dc amplifier service.
‘For the circuit constants shown, and the plate currents balanced within
1 pa, the maximum grid-to-gxid voltage change necessary to maintain the
balance condition on a long-term basis is 5 mv, or better by a factor of ;
5 to 10 than the usual dual triode. The input signal voltage is connected
to the grid of V1A and the amplified signal taken from the plate circuit
of V1A. V1B plate is fed from constant +108 volts provided by V3,

4G. E. Valley, Jr. and H. Wallman, Vacuum Tube Amplifiers,

‘Massachusetts Institute of Technology, Radiation Laboratory Series,
Vol. 18 (McGraw-Hill, New York, 1948), pp 431-432,

ASJ. R. Macdonald, Active-Error Feedback and its Application to a
Specific Driver Circuit, Proc. Inst. Radio Engrs. 43, 808 (1955).’
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- Fig. '10.

Calibration-signal generator.
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Fig. 11. Stable dc cathode follower.
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. The amplified signal appearing between the plate of V1A and the plate

of V1B is apphed between grid and cathode of V2A which further
amplifies the signal for application to cathode follower VZB The
circuit output is taken from the cathode of VZB The maJor feedback
loop is closed by connecting the grid of VlB (the other 51de of the input
vdifferential amplifier) to the c1rcu1t output. If the mput voltage is
raised the output also is raised, and if the output is different from the
input, then the error voltage appears across the input differential stage,
where it is amplified and fed back in'such, a manner as to compensate the
difference between input and output within the limits of grid-to-grid
stability of the input.tlibe. The o.utpu‘t impedance of the circuit is quite
low, and over the normal operating range of 0 to 50 volts the linearity and
stab111ty meet the requirements of the 1nduction electrode system easily. .

- Some modifications: of the circuit are poss1ble In application, a
0.1%} power supply was available that,would allow replacement of the VR
tube by a resistor. The thyrite R9 allows dc coupling to V2B with a
5-to-1 saving in ‘gain corhpared with a resistor in the same place.
Another possibility would be to use an avalanche-breakdown silicon diode
of suitable voltage rating. In the breakdown region the diode would have
very low ac or differential resistance, but a dc voltage drop nearly
independent of current. No matter what type of coupling element is used,
the upper portion of the divider must be by-passed if frequencies other
than dc are to be used. With guard techniques applied to the input stage,
and suitable by-passing of the coupling network discussed-above, the
circuit can be made to have flat frequency response to 10 Mc,

Input-terminating resistor R10 is used to terminate a long

shielded twisted -pair input cable for ac, A similar cathode follower
feeds the cable so that dc blocking capacitor C2 and the capacitance
of the cable can be easily driven. R11 provides the dc return for V1A
grid and if high input impedance is desired, R11 may be increased to the
point where the 10-9-amp maximum grid current of V1A becomes the
limiting factor.

| The transfer ratio from input to output may be made unity, or
greater, by tapping down on the output cathode resistor R? for the feedback

line. The resulting negative -feedback reduction also raises the output
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impedance; however, useful amplifications of the order of 1 to 10 are
still achieved with fairly low output impedance and with no phase
inversion. This feature would make the circuit well suited for the
“active element in active filters and fréquency-selective amplifiers.
A further consequence' of tapping down on the output cathode resistor
is-an-increase in quiescent dc output level so that the circuit is no
longer 'izero out’for zeéro in." This result is of no consequence, of
course, if ' ac coupling is used throughout.:

The circuit that has been described occupies a somewhat
intermediate po’siti.on between ordinafy cathode followers and operational
“amplifiers. It can be rﬁadé to have relatively high input impedance, an
inputuouf;put transfer ratio closc to unity, an input. output dc offset
constant within a few millivolts over a fairly wide dynamic range, a
low output impedance, and a frequency response from dc up to the
megacycle region. ‘As a’ dc cathode follower, the circuit described
eaéily meets the stability and linearity requirements for use in the

east inductipn-electrode system.
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