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The design and performance of a beam profile monitor which presents no material to the beam is described. The detector, which
has a 75 mm active width, operates from residual gas in the beam vacuum system . It provides 1 mm rms spatial resolution and 1 ms
time resolution in a 1 ALA beam at 10-7 Torr . Using a microprocessor based scanning ADC, a sequence of ten profiles can be
acquired in as little as 100 ms . The monitor could be applied in other stored or extracted beams where the amount of material seen by
the beam must be minimized .

1. Introduction

A non-interactive beam profile monitor has been
developed to study betatron stochastic cooling in the
Debuncher Ring of the Fermilab Antiproton Source [1].
It is designed to acquire a set of ten profiles of a 1 WA
beam during the 2 s cooling cycle. Ions from residual
gas in the vacuum are drifted onto a microchannel plate
assembly, which provides a charge gain of up to 3 x 10 7 .
The charge produced from many primary ions is col-
lected by an array of 48 parallel strips, and it is in-
tegrated and digitized with a microprocessor controlled
scanning ADC. The monitor was developed from an
earlier design, which used microchannel plates with a
resistive anode readout and separately processed each
ionizing event [2] .

2. Design

The monitor consists of independent horizontal and
vertical detectors. Fig. 1 is a schematic view of one
detector . An electric field perpendicular to the beam
causes positive gas ions to drift onto a chevron micro-
channel plate (MCP) assembly [3] . The sensitive area of
the MCP is 75 mm transverse to the beam by 93 mm
parallel to the beam . The MCP amplifies the charge
signal, which is then collected by a printed circuit array
of 48 strips on 1.50 mm centers oriented parallel to the
beam .

In order to produce a sufficiently accurate projection

* Operated by the Universities Research Association, Inc .,
under contract with the US Department of Energy.

0168-9002/89/$03 .50 © Elsevier Science Publishers B.V .
(North-Holland Physics Publishing Division)

of the beam current density, the charge distribution
must be integrated over at least 100 ionizing events.
This operation is performed by a Fermilab SWIC (Seg-
mented Wire Ion Chamber) Scanner [4]. The Scanner
then digitizes the analog profile and transfers it to the
accelerator control system for further analysis and dis-
play .

An ion drift field of 35-45 V/mm is maintained in
the 120 mm gap between the primary drift electrode on

Fig . 1 . Cross section of one detector ; (A) primary drift elec-
trode, (B) field shaping electrodes, (C) drifting electrons, (D)
drifting positive ions, (E) beam, (F) tandem MCPs, (G) anode
strips. The drift field is directed vertically downward in this

figure .



one side of the beam and the MCP on the opposite side
of the beam . The field is kept parallel near the sides of
the active volume by printed circuit field shaping arrays
consisting of nine parallel conductors equally spaced
across the gap . The conductors of each array are held at
the required potentials by a 100 MQ voltage divider
which is connected across the gap .

The Debuncher vacuum at the location of the moni-
tor is between 1 x 10 -7 and 5 x 10 -8 Torr. The gas
composition is estimated to be 80% hydrogen, 5% water
vapor, 5% carbon monoxide, 5% carbon dioxide, and 5%
miscellaneous light hydrocarbons . Based on ionization
data for the various components of the gas mixture [5],
the total specific ionization of the mixture is calculated
to be 21 ion pairs per cm at atmospheric pressure.
When this is scaled to the monitor vacuum, the prob-
ability of a beam particle producing an ion pair is
between 1.4 x 10 -$ and 2.8 x 10-8 per pass through
the detector . Therefore, a beam current of 1 wA (10 7
circulating particles with a revolution frequency of 590
kHz) produces an ion current of approximately 80 to
160 ions/ms in the detector. Only 60% of the MCP
surface is open to accept the incident 2-4 keV positive
ions, but within a microchannel the absolute detection
efficiency is close to 100% [6] . These factors combine to
set a minimum integrating time of about 1 ms to
accumulate 100 events from a 1 WA beam .

The maximum MCP gain is 3 x 107, but half of the
MCP output charge is lost in cable capacitance . The
Scanner has a maximum full scale sensitivity of 128 pC
per channel . With the MCP and Scanner operating at
maximum gain, the minimum programmable Scanner
integration time of 1 ms accumulates adequate charge
to produce a profile of a 1 g A beam . Thus, the Scanner
charge sensitivity and speed are well matched to the
primary ion current from the detector in this applica-
tion .

The antiproton intensity in the Debuncher is typi-
cally in the range of 1 to 10 WA; however, the current
can reach 10 mA during studies with protons . The MCP
gain can be adjusted over at least this factor of 10 °
without significantly changing the spatial resolution of
the detector.
MCPs suffer permanent gain loss which is propor-

tional to the integrated output charge density [7] . This
was studied with a UV light source illuminating a small
spot on an MCP. The MCP was operated at maximum
gain and produced a peak anode current density of 500
nA/cmz . The output pulse height decreased by 16%
after an integrated output charge density of 0.074
C/cmz . A comparable gain loss would occur in 20 days
of continuous operation at maximum gain in the De-
buncher. The present detector is powered only a small
fraction of the time, and it usually operates with about
100 times lower gain, so radiation damage is not ex-
pected to be a serious problem .
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3 . High voltage system
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The high voltage system uses Fermilab designed
power supplies [81 and overcurrent protection circuits
[91 which limit the anode current . A negative supply sets
the MCP gain and the drift field between the MCP and
the anodes . A positive supply provides 3 kV to the
primary drift electrode . The overcurrent circuit provides
a GATE which opens to reduce the MCP voltage by
50% (a gain factor of about 10 3 ) under the following
conditions : (1) at all times except for 10 s during each
profile integration ; (2) whenever the anode current ex-
ceeds a preset limit ; and (3) whenever the voltage
exceeds the maximum MCP rating . An added benefit of
(1) is that the gain is so low during background sam-
pling that beam can be present without affecting the
measurement.

4 . Readout

The horizontal and vertical detectors are both read
out with a single SWIC Scanner, which uses a micro-
processor to control 96 analog input channels with 1 .0
nF integrating capacitors, a scanning ADC, and mem-
ory. The Scanner also contains an algorithm which
performs Gaussian fits to the profiles . Integration time
and gain are independently programmable from 1 ms to
2 s and from 1 to 2000 respectively .
A Scanner cycle is initiated with a CLEAR pulse,

which is followed by a series of up to ten precisely
timed START pulses . The CLEAR pulse, which occurs
while the MCP high voltage is reduced, causes the
Scanner to sample, digitize and store the system back-
ground . At the end of background sampling the MCP
high voltage is raised, and the independently timed
START pulses cause the Scanner to acquire beam pro-
files . The Scanner subtracts the background from each
profile before it is stored . The minimum interval be-
tween individual profiles is 10 ms, and the maximum is
10 s . After all of the profiles are stored, the Scanner
requires 10 to 15 s to perform Gaussian fits and gener-
ate a video output of the profiles and fit parameters.
The data can also be transmitted to the accelerator
control system for more sophisticated analysis and dis-
play .

5. Spatial resolution

Spatial resolution is determined by a number of
factors : (1) transverse growth of the primary ion cloud ;
(2) gain variations within the MCP; (3) gain variation
from one Scanner channel to another ; (4) transverse
growth of the electron cloud between the two MCP
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layers, and between the second MCP and the anodes ;
and (5) the Gaussian fitting routine.

When a profile is produced from positive ions, most
of the ion drift error is caused by nonunifortnities in the
drift field. Computer modelling indicates that this de-
grades the resolution by up to 0.5 mm rms.

The MCP gain was observed to vary by less than
10% over the entire active area, when it was scanned
with a UV light beam . Channel to channel gain varia-
tion in the Scanner is less than 5% . These two effects
contribute a total of about 0.2 mm rms to the overall
detector resolution .

The gap between the two MCPs is 0.25 mm and has
an accelerating potential of about 1 V. The gap between
the output of the MCPs and the anode strips is 1.5 mm
and has an accelerating potential in the range of 125-250
V. Calculations show that these gaps add 0.4 mm rms to
the profile width measurements [10] .

The width and mean of profiles are calculated with a
Gaussian fitting routine . For Gaussian beams these
parameters have a calculation error of about 0.1 mm
rms. For non-Gaussian beams the fitting error can be
considerably larger, and a different fitting routine may
be required . Debuncher beam profiles are typically
nearly Gaussian .

Combining all of the preceding factors in quadrature
yields a predicted resolution of 0.7 mm rms from posi-
tive ions . The narrowest beam actually measured by the
monitor sets an upper limit on the true spatial resolu-
tion . The monitor measured that beam to be 1 .04 mm
rms.

When the drift field polarity was reversed to drift
primary electrons to the MCP, the MCP output charge
was observed to be 8 times larger than the charge
produced from positive ions . The increased signal is
believed to be produced from primary electrons striking
the MCP surface between microchannels . The drift field
directs some of the secondary and tertiary electrons
from these surface interactions into the microchannels
as additional signal . In contrast, the field polarity which
drifts positive ions toward the MCP repels these sec-
ondary electrons from the MCP.

There is a significant loss of spatial resolution in
profiles produced from primary electrons. One contri-
bution is the above described splash of secondary elec-
trons at the MCP surface. Also, the energy transfer to
the primary electron at ionization is typically much
larger than the energy transfer to the positive ion [11] .
The component of this energy which is transverse to the
drift field shifts the electron's point of arrival at the
MCP. For example, 2 eV of transverse energy produces
a 1 mm shift over a 60 mm drift. A beam with relatively
sharp edges was used to measure resolution from
primary electrons. The positive ion profile measured the
beam intensity to increase from 10% to 90% of maxi-
mum in 4.5 mm, while the profile using electrons meas-
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ured 8.0 mm. The resolution with positive ions was
previously measured to be 1 mm rms, so the resolution
with electrons is inferred to be 4.0 mm rms.
A UV window mounted in the wall of the monitor

vacuum chamber allows a collimated UV light source to
project a 1 mm diameter spot onto the MCP surface.
This has been a useful diagnostic tool on several occa-
sions, since the monitor is located in an area which is
not accessible when the Antiproton Source is operating.
Since the UV spot is comparable in size to the overall
resolution of the monitor, it provides an accurate test of
all of the system, except the production and drift of the
primary ions .

6. Beam profiles of stochastic cooling

Fig. 2 shows the control system display of a set of
ten horizontal and vertical profiles taken during the
stochastic cooling of antiprotons . The profile data ap-
pear as histograms, and the superposed smooth curves
are the Gaussian fits . The profiles were taken at 200 ms
intervals with an integration time of 133 ms for each
profile . The profiles show graphic evidence of the reduc-
tion in beam size achieved by the cooling system.

Fig. 3 displays the rms width, charge integral and
mean as a function of scan number for the profiles of
fig. 2. The width decreased to 0.53 of its initial value in
the horizontal plane and to 0.52 in the vertical plane.
The integrals both decreased to about 0.6 of their initial
values, indicating a loss of 40% of the beam during this
cooling cycle . In a separate set of measurements during
normal machine operation, there was not significant
beam loss during cooling, and the integrals remained
constant to within 5% . The mean positions, or beam
center, changed by less than 1 mm during the scans.
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Fig . 2 . Set of beam profiles taken during stochastic cooling .
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97 3 2.55
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90 6 2 .85
84 7 3
79 B 2 .05
80 9 2 .85
79 10 2 .85

There are no other devices which directly measure
beam profiles in the Debuncher; however, a beam
Schottky noise spectrum monitor provides a signal which
is proportional to the width of the beam at this location
in the ring. For one cooling cycle the width measured
by the profile monitor decreased by 39`X, from 6.60 mm
to 4.05 mm. The Schottky signal indicated a decrease of
41% during the same cycle, showing good agreement
between the two devices.

In summary, a beam profile monitor which intro-
duces essentially no material into the beam has been
described. The detector has a spatial resolution of 1 mm
and time resolution of 1 ms, and it can produce a
sequence of ten profiles at a rate of 100 Hz. It has
operated in beams ranging in intensity from 1 tLA to 10
mA. When time resolution is not crucial, the range of
the monitor can be extended to lower beam intensity by
increasing the profile integration time . The range could
also be extended by introducing a small amount of
additional gas into the beam in the vicinity of the
monitor, when a set of profiles is being taken. Once
calibrated, the profile integrals provide a useful beam
intensity monitor.

OT

'
1

S I GMA

	

SIGMA

	

SCAN
(MM) NUM

5 10

0'
t

Fig. 3 . Gaussian fit parameters for the profiles of fig . 2 .
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