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Abstract

The AGS Booster was designed to accelerate beams from 2 x
10 1 0 polarized protons to 1.5xlO13 protons and heavy ions
through Au + 3 3. The range of beam parameters and the high
vacuum, and radiation environment presented challenges.for
the beam instrumentation. Some interesting beam monitors^ in
the Booster and transport lines, will be described. Where
available, results will be presented.

Description of the Booster

The booster synchrotron now being commissioned has
several goals: (1) increase AGS proton intensity by injecting
4 Booster pulses per AGS pulse at higher energy (1.5 GeV vs
200 MeV) to reduce AGS space charge effects at low energy;
(2) increase AGS polarized protons by accumulating 20 pulses
in the Booster at 7.5 Hz each AGS cycle, and (3) accelerate
heavy ions up to Au + 3 3 to a momentum where they can be
injected into the AGS for acceleration and injection into
RHIC.

The layout of the Booster and its transfer lines is shown
in Figure 1. The ring is 201.8 m in circumference divided
into 48 half-cells. Acceleration lasts from 60 msec for
protons to 620 msec for Au + 3 3. Normal or polarized H-minus
beam is injected from the Linac via the LTB line. HARP
multiwire profile monitors^ are located before the bend and
injection to the Booster. Two beam current transformers with
a range from lpA to 100 mA, 70 nsec risetime and 2%/msec
droop measure beam intensity. Four meter long coaxial ion
chambers2 measure beam loss using fast-scanning electronics.3

Heavy ion beams from the Tandem Van de Graaff are injected
via the HTB line, an extension of the existing HITL line,4

using HARPs, Faraday Cups and beam current transformers to
measure the beam. Beam is transported to the AGS in the BTA
line. HARPs provide profile data. Beam current transformers
similar to those in LTB and HTB but with fast integrator
electronics measure the charge in the three extracted
bunches. Position is observed using the same detectors as in
the Booster Ring. The same type loss monitors as in the LTB
line measure radiation in the BTA and in each half-cell of
the ring.

The Parametric and Environmental Design Problems

Most Booster instrumentation operates over a range of
three decades in intensity and two decades in resolution.
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Much of the electronics is in the tunnel to maintain the
bandwidth and low noise required for low intensity beams,
exposing them to radiation from high intensity protons which
can be inter-leaved pulse to pulse. For protons running 24
hours a day for 200 days (worst case), the dose estimated5

was 5.4 kRad and 3.4xlO12 n/cm2 at a "typical" unshielded
location at floor level. This should allow at least five
years operation except at locations such as the internal beam
dump which will require shielding. High dose radiation
detectors will be placed with the electronics to provide
data for failure analysis. At beam height, radiation is
expected to be 20 times higher, precluding materials such as
PTFE. Radiation tests were done in the AGS on the fiber
optic links used to isolate all signals to ring BPH electron-
ics. The 3X10""11 Torr ring vacuum affected detector designs
by limiting materials to ceramic and stainless steel. Some
ring components, such as the BPHs, had to retain tight toler-
ances even after vacuum firing at 950*C. Bakeout of the Ring
vacuum system at 300*C caused problems since PTFE is used in
most high temperature cables could not be used. Some of the
solutions to these challenges will be described.

Ring Beam Current Transformers

Beam current in the ring will range from 10 /<A for single
turn injection to 2.9 A at design intensity with a duration
ranging from less than 1 /<sec for fractional turn injection
to 3 sec for accumulating polarized beam. A fast injection
beam monitor (BIBM) and a slower circulating beam monitor
(BCBM) were installed, each designed to cover the full range
of current without saturating, to provide stability for low
intensity measurements.

The BIBM uses a beam current toroid6 with a sensitivity
of 0.1 V/A into 50 Ohms and bandwidth from 0.5 Hz to 8 MHz.
It has a 170 mm ID and is enclosed in an aluminum shield.
The circuitry uses two separate relay-switched amplifier
chains similar to those in LTB and HTB, but with gains of 100
pA/V, l JUA/V and 1 A/V. The rise time is 70 nsec for the
high and 1 j/sec for the low intensity range.

The BCBM is a dc current transformer (DOCT) which uses
magnetic modulation and synchronous second harmonic detection
to measure beam intensity.7 This commercial unit8 uses metal
glass tape cores modulated at 6.928 kHz for a dc to 15 kHz
bandwidth. The BCBM is 170 mm 10 and 62 mm long including
integral magnetic shielding. The circuitry consists of the
Front End Electronics (FEE) which must be within 3 meters of
the detector and the Back End Electronics (BEE) which can be
up to 300 m away. With ranges of 1 A/V and 10 mA/V, only 1
mV is produced for a 10 fik beam, so a relay-switched gain of
10 amplifier was added following the FEE.

The BIBM and the BCBM are housed in a 1.27 cm thick, 1006
steel magnetic shield mounted on vibration isolators. A
water cooled copper sheet keeps the detector temperature



under 80*C during 300*C bakeout. A 5 cm ceramic section of
vacuum pipe forces the wall current to follow a low impedance
path outside of the transformers. The FEE and BIBM circuits
are housed in an electrical box located near the floor with
steel conduit shielding the cables to the transformers.

Xn storage rings DCCTs may obtain 1 /*A resolution with a
1 sec integration window, during which modulation, Barkhausen
and environmental noise average to zero. This is not the
case for pulsed beams. Modulation noise equivalent to ± 150
fiA, consisting of spikes and components at the fundamental
and odd harmonics were observed. Since this is crystal
generated, a filter with -40 dB notches at 6.928 and 20.782
kHz was built which reduced the noise to ± 10 /iA of 5th
harmonic. A 4th order 21 kHz Butterworth low pass filter
left only random noise of a similar level. Figure 2 shows a
50 fiA test pulse measured with the DCCT (BCBM).

An identical pair of transformers called the ACBM and
AIBH, were installed and tested in the AGS. RF and magnet
noise saturated the AIBM on the high gain ranges until the
electronics were moved into the tunnel. The ACBH showed
severe rf pickup in the 3 - 4 MHz range. The vendor modified
the circuitry and it is waiting to be tested again with high
intensity beam. Pick up equal to 50 /iA came from an AGS
dipole located 30 cm away which produced about 1 Gauss at the
housing. In the Booster this should be lower since the
magnets are further away. The AIBM initially reacted
strongly to the RF since this fell within its bandwidth. The
amplifiers were rolled off at 1 MHz as a compromise with the
required rise time, with a significant improvement. There is
still severe magnetic pick up on the BIBM after 40 msec in
the AGS cycle on the 100 ftA/V scale, but this is well after
the injection period for which the transformer was intended.
Figure 3 shows a fractional turn of 45 pA of 0 + 8 beam spiral-
ing around the AGS Ring.

LTB Beam Position Monitors

The seven dual plane stripline BPMs9 in the LTB line are
designed for use with the high intensity beam, but may be
extended for polarized use by resonating the strips10 and
adding input preamplifiers. The two planes are displaced
longitudinally to reduce coupling which can be important if
the strips are resonated. The plates are designed for 402.5
MHz, double the Linac frequency. This cut the length almost
in half to fit the crowded beam line, with a loss of only 5%
amplitude for the most downstream detector. This also moved
the processing frequency away from the Linac rf, reducing the
background. ' ]'• • • , _ . • ! . . .

" Amplitude to phase modulation (AM/PM)11- electronids
process the signals at 402.5 MHz without down converting.12

This increased the bandwidth, but made the limiter stages,
which remove the amplitude dependence of the phase modulated
signal, more difficult. The Plessey 532C limiters had good



specifications but still had to be selected in pairs to match
better than 0.18*. The four stage limiter cascade provide ±
0.5 mm precision over a 26 dB dynamic intensity range as
measured with the beam. The bandwidth was found to be 40 MHz
in bench tests. The BPMs provided clean signals and were
used to steer the beam, reducing radiation during commission-
ing of the LTB line. The four-strip sum signal provided a
good measure of the intensity along the line.

Booster Ring Beam Position Monitors

The Booster Ring BPMs are split plate, capacitive pick up
electrodes (PUEs)13 to provide low frequency response for the
heavy ion bunches. Measurements have shown the linearity of
the PUEs to be better than ± 0.1 mm over ± 30 mm of the 75 mm
radius. The 20-cm long single plane PUEs are located at each
beta-max except at the beam dump and extraction septum. Six
units are located in the BTA line to the AGS. A single turn
trajectory or average orbit is obtained by varying the number
of bunches integrated from 1 to 240. All of the electronics
including the control interface are located in the tunnel
separated from the PUE by 10 feet of cable. Data can be read
from all PUEs every 10 msec in the cycle.

A unique design of the PUE resulted because the complete
assembly had to be vacuum fired at 950'C and when cooled,
hold the mechanical and electrical centers to within ± 0.1
mm. Thermal analysis showed that a double gimbal design
(Figure 4) would do this. The 316N stainless steel cylindri-
cal electrodes are axially locked together at two end points
with ceramic posts. - Four radial ceramic posts fastened to
the plates, pass through close-fit holes in a ring surround-
ing the electrodes which serves as an internal calibrator to
couple test signals to the electrodes. A second set of 4
holes, closely fitted to ceramic sleeves on the vacuum con-
nectors, support the calibration ring from the vacuum shell.
The electrodes are free to expand and contract axially while
radially they slide outward along the ceramic posts, then
back again during cooldown. Tests before and after firing
confirmed the design is stable to ± 0.1 mm.

Cables to withstand the 300*C bakeout are usually made of
PTFE, which would last only one year in the expected radia-
tion. A thermal isolator was designed which dropped the
temperature to 60*C allowing standard polyethylene dielectric
RG-62 cable to be used. It consisted of a 15 cm stainless
steel type-N adapter with a stainless inner conductor sup-
ported by ceramic disks. To provide additional rf shielding,
the cable was run in copper tubing.

; • • The.need' to • cover three < orders of magnitude of intensity •
'. for-bunch lengths from 50 to -3750 nsec >With-.resolution7 of i
0.1 mm, made the design of the electronics difficult.- The
bunch electronics were built to operate over the rf range of
0.21 - 4.1 MHz for 3rd harmonic acceleration. Later it was
decided to accelerate heavy ions starting on the 12th bar-



monic and switching to the 3rd later in the cycle. A block
diagram is shown in Figure 5. Sum and difference processing
is used, with division performed in the host computer. The
Front End Board (FEB) provides (A-B) and (A+B) bunch signals.
The Integrator Board contains the BLR (Base Line Restorer),
the gated integrator and an ADC. All FEBs achieved a differ-
ence signal of -50 dB with respect to the sum signal from 50
kHz to 20 MHz. Host reached -55 dB in each of the three gain
ranges. The impedance of the Compensation Circuit matches
the cable at high frequency but rises at low frequency flat-
tening the response to ± 1.5 dB from 10 kHz to 30 MHz. The
Gain Block uses a low noise amplifier (AD9610) for gains of
0.1, 1 and 10. A 4-port, trifilar transmission line trans-
former with more than 60 dB common mode provides the sum and
difference outputs. Since the signals are reactively
coupled, a BLR is needed to set the zero level. A balanced
diode bridge (HP 5082-2813) grounds the signal between
bunches. The Gated Integrator gate opens for the desired
number of bunches which are held until read (50 /isec) by an
on-board ADC.

The 60 nsec BLR pulses must fall in the gap between
bunches within a 20 nsec error over the rf range. The 48
equally spaced PUEs require BLR pulses at 48*(harmonic num-
ber) phases, which must ripple around the ring to measure the
single turn trajectory. The Bunch Timing Sequencer (Figure
6) provides a pulse train which drives the BLR and the inte-
grator gates. The Low Level RF System generates a- signal,
phase-locked to the beam, at 48 times the revolution
frequency. A direct-digital synthesizer (Stanford Telecommu-
nications incJ, Santa Clara CA, Model STEL 9273) which can
operate at frequencies in excess of 70 MHz made this practi-
cal. These pulses clock a 48-bit chain of ECL shift regis-
ters which make the evenly phased triggers. The time window
is encoded by counting the RF frequency for the desired
number of bunches, starting at the required time. These are
the data clocked through the shift register. The delay of
each channel can be adjusted within a few nsec. This allows
each PUE to get all the timing information on a single 200
meter-long fiber optic link without high power line-
compensated drivers and providing ground isolation.

Because of the low intensity beam signals, the electron-
ics were located in the tunnel and floated at the beam pipe
potential. All signals are coupled on fiber optic links.
The bunch timing link used Hewlett-Packard HFBE-1404 GaAlAs
transmitters and HFBR-2404 GaAlAs photo-diode receivers with
200 m of 200 /um Ensign Bickford HCR step index silica cable.
Tests in the AGS14 showed < 2 dB loss for the receiver and <
1 dB loss for'the transmitter for 28 kRad(Si). .Attenuation
for. cables, 3. meters long was;.p.3 dB- or-less. .Analog--..bunch
signals for' the 'tune meter,. damper, rf control and bunch
studies will be carried on analog fiber optic links15 with 6
Hz to 35 MHz bandwidth and better than 3% linearity over a 26
dB dynamic range.



All of the PUE detectors and electronics have been fin-
ished and the last units are being installed. The fiber
optic links are in place and trimming of the delays has been
started. Tests of several stations with the computer system
have been successful and the high level software has also
yielded test data. The Sequencer has been installed and
final timing set up will begin shortly. The analog fiber
optic cables have been installed.

The Ring Profile Monitor

The choice of a profile monitor for the Booster was not
easy. Flying wires could not be used because they would
strip partially stripped ions. Heavy ions would not be
affected by a residual gas ionization profile monitor (IPM)
enhanced by micro channel plates (MCPs) but at 3x10"11 Torr
too few ions are generated in 1 msec by 2xlO10 polarized
protons to be meaningful.16 Since the Booster will accumulate
20 such pulses it would still be useful through most of the
cycle. At high intensity the MCPs degrade and would not last
long without special precautions. An IPM has been built for
the Booster.

Earlier IPMs which used MCPs have not had to operate in
the high vacuum or over the intensity range of the Booster.
Krider17 used a two-layer MCP with a 1 msec integration time
to observe 1 /iA anti-protons in a 5-10xl0~8 Torr vacuum. This
produced a number of ions similar to that of the accumulated
polarized beam. MCP degradation with increasing charge
output was observed by Krider and by Kawakubo, et al.18 The
KEK device cleverly provided calibration of the collector
array by rotating it 90* to illuminate all channels uniformly
with the beam. In the AGS Booster 18*0 run UV light will be
shined through sapphire windows to calibrate the MCPs. Since
the IPM will operate with beams of 3 A, local controls will
adjust the bias voltage to limit anode current. The bias
will be rapidly pulsed on only during measurements. Each
detector plane consists of a two-layer MCP capable of 107

gain, with an integral 64-channel anode array. The collec-
tors are 1.1 mm wide on a 1.47 mm pitch, 75 mm long.19

Provision was included to put a voltage between the MCP and
the anode array to reduce spreading of the electrons if
needed.

The IPM is designed to operate with up to 70 kV on the
electrodes. This was chosen net only to reduce the beam
space charge effects on the ion trajectories, but also to put
the impact energy of the ions above that at which the MCPs
act as energy analyzers.20 Because of the high vacuum, the
field shaping electrodes were designed to. eliminate the
resistive'divider normally used to. grade the voltage21 and
provide a fiat electric fieid region. A POISSON equipotential'
plot is shown in Figure 7. A third set of electrodes without
a detector, mounted at 45°, is used to compensate the effect
of the field of the other two on the beam. The electrodes
are square stainless steel bowls 2 inches deep and 8 inches



long with a 4 inch gap. The MCP array is positioned in a
square opening in the grounded electrode. A stainless steel
cover shields the signal leads. Everything but the detector
was vacuum fired to 950*C. The whole IPM was baked to 300*C.
The design includes multiple vacuum pumps to overcome the
outgassing of the MCPs. High voltage testing of the
assembled unit under vacuum to 150 kV was performed prior to
installation in the ring.

The electronics for the IPM can scan both planes, (a
total of 128 channels plus power supply readbacks) in less
than 1 msec. Each anode is connected to a low leakage (< 10
pA) gated integrator, packaged 8 per 6Ux220 mm Eurocard
board. Sample and Hold circuits (Datel DVME-645) allow the
integrator to reset and start again while the data is being
processed. A 68010 microprocessor controlled 12-bit ADC VME
board (Datel DVME-601) digitizes the voltages and puts the
data into dual port memory at a 140 kHz rate. A bus
translator (Bit-3 Corp.) will connect the VME crate to a
standard AGS Multibus control system interface. This maps
the dual port RAM on the Datel DVME-601 into the address
space of the Multibus control processor where is can be
accessed by the AGS Apollo-based control system. The IPM is
now being controlled by a "286 AT-Clone11 through the Bit-3
bus translator until the AGS controller is completed. The
electronics function properly under the control of the AT,
although the operator interface program is very simple since
it will be replaced by the standard Apollo displays of the
AGS control system.
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Fig. l. Layout e Booster and its transport lines.

Fig. 2. 50 ft A test pulse in
DCCT. 20 mV/Div, 100 fiS/Div.

Fig. 3. Partial turn of 45p
of 0 + 8 on AIBM (50 /xS/Div)

I

Fig. 4.. Booster Ring
PUE shoving Double
Ginbal suspension and
integral Calibration
Ring.
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Fig. 5. Booster PUE Local Electronics.
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Fig. 7. IPM field shaping electrodes. Two layer MCP is mounted
at the bottom. Generated by POISSON.


