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Summary

This paper describes the operating experience
on the 200 MeV Proton Injector Unac of the A.G.S.
emphasizing developments in field phase and ampli-
tude control and beam diagnostics. Developments
in auxilliary use of the machine are also described.

1. Introduction

At the last Proton Linear Conference held at
Los Alamos in 1972 I reported on the first year of
operation of the 200 MeV injector linac at BNL ,-md
today I will bring you up to date on 5 years of
operation and also touch on some of the more
recent developments in linear accelerator design
at Brookhaven.

In general, the vork at BNL can be broken down
into three categories. First, there is work which
involves the replacement of poor or defective ma-
chine components with more modern or better ones
and the introduction of new equipment to expand
the scope of the accelerator. Second, there is
that work which involves Improved data taking*
control and monitoring of the machine. Both of
these directly influence the overall availability
and reliability of the machine. Lastly, there is
work on the design of new machines for other areas
of research or energy development such as the
Intense Neutron Generator or the Clean Breeder
Machine z> 3 both of which will be dealt with in
detail at this conference.

2. Operation of the BNL Linac

Figure 1 gives the operating percentage of
the linac during its 5-year operational period and
Table I shows a year-by-year breakdown. It can be

TABLE I

EQUIPMENT DOWNTIME HOURS AND PERCENTAGES

Period

Oct 71 - Jun 72

Jul 72 - Jun 73

Jul 73 - Jun 74

Jul 74 - Jun 75

Jul 75 - Jun 76

OVERALL

•Work performed under the auspices of the U.S.
Energy Research and Development Administration.
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Fig. 1. 200 MeV Linac Operational Data
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seen that the machine was operational for an average
of 917. of the scheduled running time. Of the fail-
ure time, 57% is attributable to radio-frequency
system faults and more than half of the fault time
attributed to this system was due to major failures,
involving time loss In excess of 4 hours. The
second largest downtime contribution came from the
vacuum system which totalled 16.6% of the fault
time. Of this time 397. was attributable to beam-
induced vacuum leaks in the HEBT and FLIP beam
lines, 27% to leaking ceramic caps used as vacuum
seals for the rf pickup probes and 4% due to a beam-
induced leak in drift tube #13 of tank 9. The
third major contributor to machine downtime was the
pre-injector which totalled 12.87.. Of this fault
time 39% was due to ion source filament failuret
20% was due to High Voltage Control problems on the
Haefsly Set and 267. to breakage of drive shafts to
the high voltage platform. This data will be seen
to have influenced many of the decisions made in
regard to the machine improvement and modifications
which I will now discuss.

3. Machine Improvements and Modifications

(a) P-e-Iniector System

We have seen that filament breakage contrib-
uted to a major part of the downtime in this area
so extensive chemical analysis has been made of the
materials used to coat the filament, and the fila-
ment processing has been carefully controlled.
Speeding up the outgassing rate has improved the
yield and appears to give more consistent operation.
Source to filament alignment procedures have also
been improved but the major help in reducing down-
time has been the fabrication of filament holding
and testing rigs which allow several conditioned
filaments to be kept ready for installation in the
machine. Meanwhile, work has been progressing
towards completion of the installation of the
Phillips set from the original 50 MeV linac in the
second pre-injector pit so that ultimately A second
operational source will be available.

Troubles with the drive shaft to the high
voltage dome led to the ordering of a 750 kV iso-
lation transformer to provide the power to the dome.
This unit was installed in October, W7-'- and has
operated trouble free since that time. In July
1975 the acceleration column was replaced by the
modified column from the 50 MeV linac. The Internal
and external geometry is essentially the same as
the original one.

Numerous problems with the controls for the
Haefely set caused us to replace these by units de-
signed at Brookhaven utilizing solid scate compo-
nents and control logic consistent with the rest
of the linac. Improvements have also been made in
the Fast Regulator System so that the voltage varies
less than 1 kV during a 400 y,sec beam pulse (see
Fig. 2).

During the summer shutdown remote monitoring
via a datacon system tied to a PDP8E and thence to
the PDP10 central control computer in the AGS con-
trol room has been installed. When suitable soft-
ware is available, remote control of the high volt-
age and ion source parameters will be possible.

C0CKR0FT-WALT0N

HIGH VOLTAGE

WAVE FORM
(SCALE-IKV/cm)

BEAM CURRENT
FROM ION SOURCE
(SCALE" 5Om A/cm)

Fig. 2. High Voltage Output Waveforms from Pre-
injector.

(b) Radio-Frequency System

In the first year of operation a great deal
of downtime was caused by arcing in the ML8618
tubes used in the pulsed modulator of the radio-
frequency system. Modifications to the internal
support structure together with preconditioning
of these tubes on a specially constructed rig
has reduced the downtime from this cause to
negligible proportions. Downtime due to radio-
frequency faults still represents a major part of
the linac downtime, with the problems being ran-
domly distributed throughout the various compo-
nents which make up this complex system. Analysis
of the faults shows that over 50% of this downtime
is a result of outages exceeding 4 hours in length
so it was decided that in general no more than two
hours should be spent in fault diagnosis on any
system before replacing the entire unit by one
from the 10th operational system. This has re-
sulted in a reduction of about 80 hours/year in
radio-frequency downtime which helped to increase
the overall operating percentage from 90 to 93.
Improvements have been made in the remote monitor-
ing sc that selected video waveforms are available
to the operator in the Main Control Room and this
also aids fault diagnosis. Improvements in control
and monitoring of the radio~frequency amplitude and
phase have been made and has resulted in more
stable beam operation. There are three independent
monitors for both amplitude and phase and these are
monitored frequently. Any disagreement between
these of greater than 0.2% in amplitude or 0.5° in
phase is investigated.

Figure 3 Is a schematic of the amplitude
control loop and Figure 4 waveforms recorded at
various points in the system. The major improve-
ment has been the introduction of a beam strobe or
beam current input (Figure 4a) to the loop which
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enables correction of the initial beam transient.
This pulse is differentiated and shaped individ-
ually for the 9 radio-frequency modules by the
radio-frequency program multiplexer located in the
Injector Control Room. These signals are shipped
to the local control stations where a program de-
multiplexer processes them to give the waveform
shown in Figure 4b. This signal is combined with
the computer controlled DACADS dc reference signal
and the detected video waveform (Fig. 4c) in the
radio-frequency error amplifier, the output from
this error amplifier (Fig. 4d) is used to control
the 7835 plate modulator output signal (Fig. 4e)
and thus maintain the accelerating cavity voltage
constant to within ± 0.1% over most of the beam
pulse. Figure 4f shows the reverse power signal
at the output of the 7835 final amplifier (note
that the cavity is matched to the 7835 under the
beam loaded condition). One of the biased detected
video signals from the accele-ating cavity is shown
in Fig* 4g where 1 cm represents 1% in rf amplitude.
Figure 4h is the output of the phase detector which
measures the cavity phase with respect to the ref-
erence line (1 cm represents 14° of phase).
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Fig. 3. Radlofrequency Amplitude Control Systems

Fig. Typical Amplitude Control System Wave-
forms

(c) Vacuum Sys tem

The third major contributor to downtime has
been vacuum leaks which are beam-induced and
caused either by field amplitude and phase errors
giving rise to low energy tails on the beam, or by
quadrupole or steering misalignment and control
errors. Measures to improve beam control and
monitoring will be described in later sections of
this report. As was mentioned earlier, a second
major contributor to vacuum leaks was the ceramic
cover used to house the rf pickup probes on the
accelerating cavities. These would shatter after
many months of operation at high power levels so
a new probe was designed as shown in Fig. 3, where
the vacuum seal is now external to the cavity.
These probes were installed in tanks 4 through 9
and have eliminated this problem.

(d) Controls and Monitoring

The major change in the mode of oper.ition has
been that of moving all operations to the ACS
Central Control Room utilizing a link between the
central PDP10 control computer and the linac
PDP8E to perform most of the control and monitoring
functions. Figure 6 is a block diagram showing the
various linac monitor and control functions avail-
able at the main control room of the ACS. Two
FDF8E computers are used for linac control.
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Fig. 5. Radiofrequency Monitor Probe Design

(Tetronix 4010) tied to the PDP10. Hard copies
from the graphic terminal are available at ICR and
MCR whilst print out of data via two LPTS is avail-
able only at MCR. The Fast Beam Interrupt System
(FBI) inhibits the beam within 1 or 2 usec should
an equipment malfunction occur at any time during
a beam pulse. The window size for which a mal-
function occurs has been set to suit the individual
parameter requirements. For example, about ±0.5%
change in radiofrequency amplitude or ±2 degrees
in phase will give a malfunction, whereas a +2%
change in quadrupole current is required. The
window normally is set to track with changes in
quadrupole settings but is pre-set in the case of
rf amplitude and phase, thus requiring adjustment
if a new data set point is required. Automatic in-
hibit of those malfunction systems which are not
required when later tanks are turned off in order
to run lower energies into the BLIP or CLIF lines
is provided via both manual and computer modes.

Fig. 6. Control System Block Diagram

One handles machine malfunction monitoring and pre-
lnjector control and monitoring via a datacon unlt.^
The second unit controls and monitors all radio-
frequency, beam focussing and bending systems,
including setting up and storing of all reference
data and switching of video signals. The control
and monitoring is effected through the data acqui-
sition and control system (DACADS).5 Standard data
sets are stored on the DISK of the PDPIO and may be
written into the linac via the DACADS memory units
at the Local Control Stations (LCS). Read, write
and display functions are available at both the
Injector Control Room (ICR) and the Main Control
Room (MCR) via TTY or graphic display terminals

EQUIPMENT

Other inputs to the FBI system are in-line vacuum
valve status, beam pipe over temperature and high
radiation alarms. The radiation alarm can be by-
passed during beam diagnostic measurements. The
PDPIO monitors the linac equipment status on each
llnac pulse, looking for malfunctions, and if a
malfunction occurs, the nature of the fault is
recorded on magnetic tape. If reset action is
required, the command is given and the action
printed out on a dedicated teletype which logs
machine faults. Day logs listing all linac mal-
functions may also be printed on request. Repeated
resets or malfunctions sound an audible alarm in
order that the operator may investigate the cause.

Parameters to be set by the computer may be
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addressed by name e.g. rf AMP #5, and a print out
showing standard, previous and reset stored data
is generated together with the video output from
that parameter. Figure 7 is a typical data set
for Module #3. In the event of a computer failure,
data may be entered via a DACADS manual control unit
in the MCR using DACADS addresses and entering one
channel at a time. Continuous manual control of
individual addresses is only possible at the Injec-
tor-Control Room which is normally unmanned.

Flg. 7. Data Set for Module #3

(e) Beam Diagnostics

Effort in beam measurements has been concen-
trated in two areas; the provision of a radiation
monitoring system for the entire machine, and
computerization of the energy and beam transmission
versus phase plotting routines. Figure 8 shows the
location of the ionization radiation monitor detec-
tors in the linac complex. They are long ioniza-
tion chambers (25 ft. to 30 ft.) made up of argon-
filled 7/8" heliax cable with a 500 volt potential
between inner and outer. The inner is the positive
terminal and signals are coupled out capacitively
into an amplifier vith a gain of 100. The input
resistor is 500 Q. A 17. beam loss is sufficient to
give maximum signal. Displays are available in
three ways: each LRM has a preset threshold level
which will give rise to an alarm if the signal
exceeds this level at anytime during the beam pulse.

Exceeding this limit will cause a beam interrup-
tion via the FBI as described earlier. Second, a
video multiplexer provides a CRT display of a
histogram of all channels at a given sample time,
which may be scanned across the beam pulse. In
addition, a computer selectable multiplexer allows
viewing of any two channels to observe time history
of radiation during a beam pulse.

The energy versus phase plotting routine
utilizes the dispersive characteristics of bend-
ing magnet 4 in the High Energy Beam Transport
line and a 1 mm defining slit inserted upstream of
the magnet to measure mean energy and energy spread
when the phase of the last power tank is moved with
respect to the previous one. The secondary emis-
sion signal from a fixed vertical wire at the cen-
ter of the beam pipe located at the point of maxi-
mum dispersion is sampled and digitized for input
to the computer. The computer also sets the bend-
ing magnet current, and hence selects the energy to
be monitored as it scans the phase through opera'
tor Let limits. A varactor phase shifter with 400
degree"! of phase range is available in each module.
The Phaje may be changed at a rate of 2 degrees
per beam pulse and the data is plotted on the
graphics display terminal for each magnet setting.
After 50 magnet settings the run is completed and
the computer replots the data as if the magnet
was scanned in energy which is the more conven-
tional way of viewing the data, showing energy
spread for each phase setting. Data is also
ptirtad out on a line printer and stored on disk.
The plot is repeated for different radio-frequency
amplitudes. Figure 9 shows typical computer out-
put for tank #3. More recently a set of aluminum
energy absorbers has been re-installed immediately
downstream of tank #9. These absorbers are sized
in such a way that the total thickness may be set
to an energy equivalent of 1-2 MeV below the design
output energy for each tank. The phase is scanned
as above for various rf field levels, and current
as measured on a Faraday cup downstream of the
absorbers is sampled and displayed via the compu-
ter on the graphics display terminal. Data is
also stored on disk and output via a line printer.
Figure 10 is a typical plot for tank #5 and Figure
11 is a plot of the phase bucket width for various
rf levels at the energy threshold selected.

( O Beam Transport Linen

In both the High Energy Beam Transport (HEBT)
and Brookhaven Linac Isotope Producer (BLIP) beam
lines Klixon bimetal thermal trip devices have been
added near bending or steering elements to detect
pipe heating due to beam interception. These are
tied into the Fast Beam Interrupt (FBI) system so
that the beam is inhibited whenever an over-temper-
ature occurs. This eliminated downtime due to the
beam burning holes in the pipe but did not prevent
local pipe heating which sometimes caused metal
seals to become plastic and cause a vacuum leak.
All but essential breaks in the BLIP line were eli-
minated by welding the flanges together. More re-
cently new 8" diameter beam pipe has been installed
with 4" aperture carbon collm.jtors situated at min-
imum dispersion points in the line tc colimate the
beam.
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Fig. 9. Energy vs. Phase Plot for Tank #3
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4. Linac User Program

The primary use of the linac beam other than
for AGS injection is the BLIP facility.6 Table II
shows the beam quantity on target and the isotopes
shipped off site during the past three years of
operation. Isotopes used by on-site personnel are
not included in these figures.
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TABLE II

BLIP PRODUCTIVITY FOR THREE YEARS OPERATION

Period

Ju l 73 •
J u l 74 •
Ju l 75 •

- Jun
- Jun
- Jun

74
75
76

Beam Quantity
u Hrs

82066
121388
145012

Aver. Beam
Current Â

35
59
48*

Quantity ot Isotopes snl
Iron 52

227
364
90

Iodine 123

483
564
230

ppeu
Xenon 127

0
2843
5640

*vAverage current reduced to increase reliability

It can be seen that the emphasis has moved
from 52pe and *23j to

 1 2 7Xe production. This iso-
tope uhich is used in gaseous form for organ scan-
ning has a 36 hour hali life compared with 13 hours
for * 2 3I and 8 hours for 52Fe which makes it ideal
for production and off-line process ing and shipment.
Extensive clinical tests are being carried cut
using 127xe as an alternative to reactor-produced
•L33Xe to determine whether its apparent superior
physical characteristics are born out in practice.
Figure 12 is a list of current users and quantities
of BLIP produced isotopes shipped.
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The second user of the linac spur line is the
Chemistry Linac Irradiation Facility (CLIF) where
investigations of neutron-rich nuclei are carried
out. Initially these new isotopes were obtained
by using the primary proton beam to produce (p,3p)
type reactions, but contamination by the produc-
tion of many neutron-deficient isotopes made iden-
tification difficult, particularly at 200 MeV in-
cident proton energy. New isotopes of hafnium
and thorium were discovered in this way by reduc-
ing the primary beam energy to 92 MeV. However,
in the last year a water-cooled copper beam stop
for the primary protons is utilized to produce a
neutron flux for the irrad iationC?) thus improv-
ing the ratio of the neutron-rich ro neutron-
deficient isotopes at the. cost of lower activity
levels due to the lower flux (^ 103' neutrons/sqem
sec in the energy range 25 - 200 MeV compared to
^ 1 0 ^ protons/sqem sec- The neutron facility has
been us-d to discover a new isotope "2Fe in rucent
months •-

A third proposed use for the linac beam is the
study of beam localization in v i v o W via 15Q ac-
tivity. One of the difficulties in achieving pre-
cise dose distribution in the human body is the
effect of overlying tissuf with varying densities.
An efficient detection apparatus is narrowly de-
fined by the characteristics of the chosen nuclide
and its emission. Positrons are emitted from ^-0
isotropically and travel some distance bef»re
annihilating at rest with an electron to give a
pair of 511 keV ̂ .-irnma rays whose axis arc also iso-
tropic. "Coincidence collimation" detection using
a positron camera as developed by Anger will be
used for detection of the photons. A schematic of
the set-up is identified in Fig. 13, a horizontal
plane through the patient (phantom), detectors and
beam. The dose rate necessary to give a "picture"
of the beam has been calculated for 200 MeV protons
(point B, Fig. 13) and 135 MeV protons (point C)
and are shown in Figs, 14 and 15. Note that the
calculated maximum dose is 20 rads for a peak event
rate at depth oi 120 and 75 detected positron anni-
hilations per cm of beam path length. This com-
pares with a typical therapeutic dose of 20D rads.
The overall resolution is calculated to be * 0.75
cm. A proposal to study this technique using a
newly installed beam line at the linac has been
funded by N. I .H. and beam commissioning tests arc-
due to commence this month.

Fig. 12. Users of BLIP Produced Isotopes
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5. New Accelerator Development

28

During the past few years a great deal of
interest has been generated in the production of
intense neutron beam > 1014 neutron sqcm sec of
approximately 14 MeV neutrons for testing materials
proposed to be used in the blanket design of a
controlled thermonuclear reactor. Furthermore,
the production of fissile materials utilizing an
intense beam (up to 200 mA continuous current) of
1 to 3 GeV protons incident on a thorium or uranium
target, has also been proposed.2,3 From any accel-
erator designer's viewpoint this poses a new set
of design problems in terms of achieving high per-
centage transmission through the accelerator
(particularly in the case of deuteron acceleration
as proposed for the Intense Neutron Generator * ).
Initially, the emphasis has centered on injection
and acceptance and factors affecting these para-
meters are presented in another paper to be given
at this conference.5
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6. Conclusions

During its five years of operation the 200
MeV proton linear accelerator has proved to be a
reliable and flexible machine both for injection
into the AGS and for high average current irradia-
tion. There has been a steady increase in beam
quantity and quality enabling an increase in AGS
and BLIP production rates in spite of a consider-
able reduction In staff Involved In the operation
and maintenance of the machine. Major changes have
been made in the area of remote computer control
so that the Linac Building is unmanned except for
normal working hours on Monday through Friday.
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