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Abstract

Bremsstrahlung gamma rays are emitted in a narrow forward cone while
the electron and positron beams are being measured with carbon fibers at the
SLC (the linear collider at the Stanford Linear Accelerator Center). Beam-beam
deflections which occur at the collision point also emit softer gamma rays, called
beamstrahlung. A device to detect these gammas is described. It has a converter
to produce electron-positron pairs and a gas Cherenkov volume to detect them
in the presence of a large, low energy, radiation background. The system is used

for beam diagnostics at the SLC.
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INTRODUCTION

The concept of the linear collider is centerd on the collision of high intensity
beam bunches of microscopic dimensions. The development of diagnostic proce-
dures for the beams and their collisions will be important for the success of this
new class of machines. In the case of the SLC, beam transverse dimensions are
a few microns, with intensities up to 5 x 10!° in bunches a few millimeters long.
Measurements on single beams using fine carbon fibers have been described [1,2],
and these are now most commonly performed by using the counters described
here to measure the bremsstrahlung from the fibers. Also, when the beams are
near collision, their fields are intense enough to deflect each other [3], and the
resulting radiation may be detected in this device and used to monitor the colli-

sions.



THE ENVIRONMENT

Inside the Mark II detector, at the interaction point (IP) of the SLC, is a
retractable target of carbon fibers [2]. There are three fibers, 150 microns apart,
of nominal diameters 30, 7 and 4.5 microns. The electrons and positrons collide
head-on, and the single beam pipe is in a straight line extending through the last
focusing stage of each beam line. The first significant dipole, B1, is encountered
by the exiting beam on its way to the dump at about 38 meters from the IP, and
by 42 metres the beam has been deflected 6.9 cm. At this point, between beam

line elements, there is room for some apparatus outside the vacuum pipe.

The geometry of the beam line components makes it possible to monitor
neutral radiation within a cone of half angle 1 mrad about the axis of the beams

at the interaction point. The vacuum pipe is sized so that it comfortably contains

the 1 mrad cone. At about 20 cm in front of the counter to be described, however,

there is a flange, and the beam, deflected in B1 by about 1°, continues in a pipe
of 1.9 cm diameter (fig. 4). The edge of the counter is parallel to this narrow
pipe, at a distance of 1.5 mm. The neutral radiation in the 1 mrad cone escapes
from the vacuum tank through a 76 micron thick stainless steel window, and
enters the face of the counter. There is room for only a narrow septum in the

flange between the thin window and the 1.9 cm beam pipe.

The dipole B1 has a field of 1.2 T. As the spent charged beam passes through
it, a flux of synchrotron radiation is added to any radiation from the interaction
point. The “critical energy” [4] of the spectrum is 2.3 MeV. For 10!° beam
particles, 25 mjoules illuminates a horizontal stripe across the face of the detec-
tor, corresponding to about 200 rads. In addition, there is a variable radiation
background of gammas and electrons at a few MeV from the nearby showering
of off-trajectory beam particles. Scraping upstream can also give rise to a flux of

hard photons inside the beam pipe, coincident with the signal from the IP.
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RADIATION FROM THE IP

Photons from collisions of a charged beam with a carbon fiber have the 1/k
bremsstrahlung spectrum. Their emission cone is effectively identical with the
divergence of the charged beam, which is tuned within the range of 100-300
mrad vertically and horizontally. The lowest flux of interest during SLC tuning

is about 3 x 10* «/pulse above threshold in the detector.

The radiation from beam-beam deflection (so-called beamstrahlung) is more
difficult to treat. In the neighborhood of each bunch is a high electromagnetic
field whose effect on particles in the opposing bunch is to deflect them towards
its axis. The resultant radiation under SLC conditions is effectively synchrotron
radiation with a range of critical energies, E.,. The mean critical energy can be

from some MeV to some hundreds of MeV, depending on beam conditions.

In the case of round beams with Gaussian distributions, equal dimensions,

and colliding head on, the radiated energy is [5]

Wi = 0.22r3'72mc2N1N§/afaz ,
where Ni, N; are the radiating and target beam populations, and the o represent
the Gaussian dimensions of the beams. The constants are: r and m, the classical
radius and mass of the electron, « the Lorentz factor, and ¢ the velocity of light.

If L is luminosity per collision,

Wi « LNz /o,

However, when the collisions are not head to head, luminosity falls off faster
than does the beamstrahlung intensity. For cases where all the beam dimensions
are different, analytic estimates are also difficult. For this reason, simulation
programs have been employed [6], and they have the advantage of permitting
calculations to be applied specifically to the spectral range relevant to a given
counter configuration. Examples of simulation results are shown in figs. 1 and 2.
In the first, the signal from a counter, similar to that described below, is plotted

against the impact distance between two beams of the same size and intensity, as
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one of them is steered, pulse by pulse, on either side of the collision point with the

other. Figure 2 shows the counter’s photoelectron yield, for head-on collisions,

-versus beam size. The luminosity scale is also shown, assuming the nominal SLC

operating frequency of 120 Hz. In fact, conditions of interest at SLC correspond

to fluxes of 10° up to more than 10° gammas with energy above 20 MeV.

Each of these gamma rays also has a very small emission angle. It follows that
the angular distribution of the radiation is the same as that of the charged beam
during the collision. Deflections of the two charged beams conserve transverse
momentum and so are coplanar, but of opposite sense in the transverse plane.
The same therefore applies to the radiation. The mean angle of the radiation,
relative to the head-on collision case, is just half as much as for the charged beam
deflection. In addition, even in the case of head-on collisions, the beams tend to
disrupt each other, increasing the size of the divergence cones. This effect may

be measurable using the radiation cones at high luminosities.
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COUNTER DESCRIPTION

Because of the enormous flux of low energy radiation, the detector was de-
signed to be sensitive only above an energy threshold in the neighborhood of
20 MeV. The relationship of the synchrotron radiation spectrum and that of
the beam-beam deflection radiation is illustrated in fig. 3. The bremsstrahlung

spectrum, of course, extends up to the charged beam energy.

The selection of a Cherenkov device afforded a good rejection of background
even when tuned for low thresholds, yet good acceptance for the broad bremsstrah-
lung spectrum. Additionally, a compact design was possible — room is very

constrained in the tunnel on the north side of the IP.

The design makes use of a converter plate to produce electron-positron pairs

from a fraction of the gamma rays. A gas volume with selectable pressure follows,

.and Cherenkov light from the electrons and positrons above threshold is collected,

and imaged onto an array of photomultiplier tubes.

The converter wall is, in fact, part of the stainless steel pressure vessel, and
converts 3% of gammas at 50 MeV. Because the energies of the emerging electrons
and positrons from beamstrahlung are so low, the converter was kept thin to
reduce losses from severe multiple scattering. For bremsstrahlung studies, a 3
r.l. plate of lead is remotely moved into place in front of the counter, amplifying

this high energy signal without consequences from multiple scattering.

The synchrotron radiation photons have a probability of Compton scattering
in the Cherenkov gas, and the scattered electrons can cause scintillation. In
order to minimize this, the counter is filled with ethylene [7]. If nitrogen were
to be used, the reéulﬁng background would be equivalent to the beamstrahlung

at a luminosity of 102%cm~2sec™1.

Since electron thresholds in the range of 20
MeV are needed, it follows that the counter must be operated at pressures below

atmospheric.
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The effects of multiple scattering in the converter plate are largely eliminated

by using optics which image the converter onto the light detectors. Figure 4

_illustrates the optical layout and the geometry of the counter. The design was

intended to suppress the scattering of radiation into the light detectors, and to

facilitate effective shielding.

A 21 cm Cherenkov emission path ends at the field mirror. This element,
which must withstand the full intensity of the synchrotron radiation, was elec-
troformed of nickel, and uses a reflecting coat of rhodium. It is 2.5 mm thick,
has an optical radius of 33 ¢cm, and has an aperture of 13.7 cm. It directs the
light back through a waist at 17 cm, where an iris is formed from the next optical

components.

A plane mirror reflects the light away from the beam line. As a step towards

reducing the scattered radiation reaching the light detectors, the area needed to

‘transmit the light to the image plane was reduced. This is done by channeling

it between parallel reflector plates 3.2 cm apart. These were fabricated from

prepolished stainless steel, vacuum coated with aluminum. In addition, two 90°

reflections are used as a periscope to allow for more effective shielding.

As laid out in fig. 4, this arrangement condenses the vertical projection of the
image, and so the vertical angular distribution of the gamma radiation cannot
be observed. On the other hand the horizontal projection is preserved. It is
observed by imaging it on to a set of five photomultiplier tubes, side by side,

outside the gas volume.

Photomultiplier tubes were selected as the light detectors because they are
not particularly sensitive to the very low energy ionizing radiation in the area.
Still, massive shielding was necessary to suppress the incidence of photons which
could scatter in or near the faces, producing electrons above 160 keV, the Cherenkov

threshold in the glass in front of the photocathodes.

In practice, the ability to measure the horizontal distribution was imple-

mented for the counter which observes radiation from the electron beam. The



S

other counter was rotated to measure the vertical'divergence of the positron beam.
In the plane perpendicular to the beam axis, the charged beam deflections are in
opposite directions, and so this arrangement permits both horizontal and vertical
components of deflection to be monitored. It is thus possible to track targeting

offsets between charged beams which are nominally in collision.

The optical system is enclosed within a stainless steel pressure vessel. This
was designed to minimize access for scattered radiation into the photomultiplier
tubes, while supporting the optics rigidly and permitting massive lead shielding
to be built around them. Flange seals were made using indium wire gaskets. The
light leaves the vessel through a standard vacuum window of fused silica in a

stainless steel jacket, in front of each P.M.T..

The P.M.T.s, in low permeability magnetic shielding, are protected by a
steel box from the mass of the lead shielding. An L.E.D. has been placed to

‘allow checks of each tube’s performance.

The counters and their shielding are supported from the floor, and positioned
within 2 mm of the narrow beam pipe. Because of the fear of alignment com-
plications, this has been done without touching the beam line girder. Roughly
1.5 tons of lead were stacked around the P.M.T.s and the light channels, with
particular emphasis on absorbing radiation from identifiable scattering sources,
for example the flange between the thin vacuum window and the narrow beam
pipe.

The gas system is accessible at surface level. It flows Commercial Purity
ethylene through a vacuum regulator to the copper lines going to the counter
vessel. The return line flow is controlled by a needle valve, before the gas enters
a vacuum reservoir. This reservoir is serviced by an oil sealed rotary vane pump.
There are, of courée, pressure sensors and shutoff valves appropriate for hazardous
gas operation. The volume in the tunnel is very small, and at negative pressure,

and is not considered a special hazard.
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Thie photomultiplier tubes, Hamamatsu R580 [8], were chosen, from among

several types tested, for their ability to deliver high instantaneous currents. This

“maximizes the dynamic range of the signals detectable above the cable noise level

(about 100 microvolts presently). Tube gains in the general range up to 10* are

adequate.

The anode sensitivity and saturation characteristics of each tube were mea-
sured, using a light integrating box with controllable apertures and calibrated
filters, and intense nanosecond pulses from a nitrogen laser. The short pulses
simulated the sharp Cherenkov light timing. In fig. 5 is illustrated the space
charge saturation curve measured for a typical tube. Note that when the SLC

2sec™! the tubes will operate partially satu-

luminosity improves beyond 102°cm™
rated. It will be desirable to replace them at that stage, and we have found that

mesh dynode tubes would eliminate the saturation problem. The voltage divider

base design is of the nonlinear type, to optimize instantaneous current delivery.

Components were chosen for radiation resistance.

The tubes for each counter were selected for similar sensitivity. Final bal-
ancing was done by adjusting high voltage settings, using a simple, stable and

reliable resistive divider network.
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SIGNAL PROCESSING

Signals from the anode and last dynode of the P.M.T. bases are taken, on

RG214 cables, from the SLC tunnel to the surface. The dynode signals are

inverted and digitized by an LRS [9] 2249W ADC, from the SLC standard inven-
tory. The anode signals are amplified by a factor of 20, using a Phillips [10] 7177,
before digitization. This amplification effectively broadens the dynamic range of
the system beyond the 11 bits of a single ADC channel. The 50 ns wide gate is

derived from the SLC computer controlled timing system.

- For every SLC pulse, the digitized data are transmitted over a CAMAC link
to a Multibus based microcomputer using an Intel 8086 microprocessor. This is
also a standard SLC unit normally used for local control and feedback. In this
case, the data are acquired in the form of four sets of five ADC results. That

is, the sets of five P.M.T.s for both the electron and the positron beam provide

results at the two levels of amplification.

Pulse by pulse, the microcomputer calculates the sum of the amplitudes, and
Valso the center and width of the beam spot, using the first and second moments
of the pulse height distributions of each set of five signals. Also on every pulse,
the data and calculations are made available to a PC AT class microcomputer, by
way of a dual port memory unit resident on the Multibus. The latter computer

is used as a monitor and diagnostic device.

Results are transmitted from the Multibus computer when the SLC cen-
tral computer requests them. In addition, the Multibus computer can subtract
pedestals or backgrounds from the data, decide by itself whether to send results
from amplified or unamplified channels, or comply with a demand for one or the
other, as instructed by the central computer. In this way the central computer
has pulse by pulse access to the counter’s signals as required, at rates up to
120 Hz. Real-time correlations between pairs of synchronous variables — such as
beam steering versus counter pulse amplitude — can be selected, and are plotted,

on request, as a standard feature of the SLC operating program SCP [11].

10



In addition, the data is made available, pulse by pulse, in a cyclic buffer

which can be accessed asynchronously by the central computer.

11



OPERATIONAL EXPERIENCE

Beam tuning exercises at the interaction point frequently make use of the
thin fiber target to establish the effect on the spot size of altering beam line
parameters. This is done by steering the beam in steps of one or a few microns
across the fiber. The resulting bremsstrahlung intensity is the overlap function

of the beam and fiber shapes.

The three radiation length converter plate has normally been used to amplify
the signal, and the detector has been operated at 0.33 Atm. The threshold

momentum for electrons was consequently 25 MeV/c.

By reading back the summed pulse heights after every pulse, the SLC control
computer is able to correlate the bremsstrahlung intensity with the beam steering

control. An example of beam profile plots from a single scan of the beam across

_three fibers is found in fig. 6. Signals from a 4.5 micron fiber can be seen clearly

in the figure. Despite being relatively small, they will become important when

SLC spot sizes are reduced below 2.5 microns. Beams with Gaussian widths as

narrow as 2.8 microns have been measured even with a 7 micron fiber, but the

beam width, convoluted with the mass distribution of the fiber, was observed as

3.3 microns.

The backgrounds under the illustrated profiles are reasonably flat. This has
not always been the case. Especially in early phases of the development of the
SLC, the scraping of the beam tails, far upstream of the counter, has occasionally
given rise to a substantial bremsstrahlung background in the beam pipe. It has,
however, been possible to measure beam dimensions with background_s even larger

than the signal from the fiber, provided that the fluctuations were not too rapid.

When the beam is focussed some centimeters upstream or downstream of a
fiber, and it is scanned across the fiber, only a fraction of the phase space is
intercepted by the fiber on any given pulse. Beam trajectories from only a small
range in angles can hit the fiber, and so the angular range of the bremsstrah-

lung is also restricted. As the charged beam is scanned across the fiber, the

12
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bremsstrahlung sweeps like a lighthouse beam. ‘Figure 7 illustrates the response

of one of the counters to this phenomenon. The signals from each of the tubes,

- and their sum, are plotted pulse by pulse. It can be seen that the gamma ray

beam sweeps across the counter in approximately 8 pulses. The mean emission
direction is also plotted every pulse. The RMS angular width of the total flux
can be obtained from the right-hand part of the figure, and is 322 microradians.
‘The average angular width from individual pulses is 280, with fluctuations of up

to 20 microradians.

By examining the level of fluctuations about the rate of sweep of the mean
angle, it has been possible to show that the counter’s precision for measuring
beam deflections is better than 20 microradians, at least when the signal exceeds

the background and pedestal fluctuations by a factor of about 5.

The number and spacing of the P.M.T.s have been chosen, after Monte Carlo

“studies, to limit to the 5 microradian level the effects of geometry on the mea-

surement of the mean emission direction of the radiation. For signals of interest,

‘the number of gamma rays, of pairs, and of photoelectrons all exceed 1000, and

statistical uncertainty is also below the 5 microradian level. However, pulse-to-
pulse fluctuations in the angle of the charged beam are larger than this, and it
has not yet been possible to implement corrections using beam position mon-
itor readings. In addition, the effects of pedestal and background fluctuations
on small signals require further study. Resolution also deteriorates, because of

least-count uncertainty, when the digitized signal size is below 50 counts.

The narrowest gamma ray “beams” observed so far have had indicated widths
of about 180 microradians. The width resolution expected for a bremsstrahung
signal is approxirﬁatély 150 microradians, dominated by tﬁe effect of the P.M.T.
spacing, with contributions from the thickness and spacing of the lead converter

from the face of the counter, and from the dead space between the P.M.T .s.

13
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The fange of observations with carbon fiber targets indicates that the coun-

ters are performing as designed. Given sufficiently low levels of background, they

“should be able to monitor the collisions of the SLC beams. Indeed, as the SLC

development work has proceeded, radiation signals from the collisions have in-
creased by much more than an order of magnitude. As shown in fig. 8, clear
signals are observed above pedestal and background when the positron beam is
scanned across the position of the electron beam at the IP. As discussed above,
the particles in one beam are deflected by the other when the bunches are close
by, and during the deflection the particles radiate. Such scans consequently give
rise to a characteristic peak of beamstrahlung whose exact shape depends on the
relative dimensions of, and offsets between, the two primary beams. The intensity
has not yet been strong enough, nor the deflection large enough, to measure the

beam deflection using the gamma ray counter. But the intensity measurement

‘has been brought into use to help tune the beams in collision.

14
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SUMMARY

A pair of gamma ray detectors for zero degree emission from the SLC collision
point has been built and brought into operation in a hostile radiation environ-
ment. The counters serve together with the carbon fiber targets as beam profile
monitors for the collision point. They have now also come into use as monitors

of the collision of the electron and positron beams.
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FIGURE CAPTIONS

. Simulation results: Expected beamstrahlung yield, expressed in photoelec-

trons from the photomultiplier tubes, as the position of one beam is offset
relative to the other. The Gaussian beams have a radius of 6 microns,

length 0.5 mm, and intensity 101° per pulse.

. Simulation results: Expected beamstrahlung yield, in photoelectrons,

against the beams’ radial size for bunch populations of 10°, The lumi-
nosity scale is also given, assuming the SLC nominal repetition rate of 120

Hz.

. Comparison of energy spectra of synchrotron radiation and beamstrahlung.

Beam intensities are set at 10!° per bunch, with Gaussian distributions of

RMS radius 4 microns and RMS length 1 mm.

. Layout of the optical components of a counter in relation to the beam line.

The gas containment vessel is not shown. B: large diameter beam pipe,
flange, thin stainless steel window; C: converter plate; V: Cherenkov emis-
sion volume; P: primary mirror; L: light channel, with periscopic reflections;

T: photomultiplier tubes and fused silica vacuum windows.

. Saturation curve: photomultiplier tube efficiency, n, against incident light

pulse amplitude.

. Example of the response of a counter to the scanning of a positron beam

across carbon fibers at the collision point. Signals from the edge of the
30 micron, and from the 7 and 4.5 micron fibers can be seen above ADC

pedestal level. The fibers are 150 microns apart.

. Hllustration of the response of the individual P.M.T.s as an out-of-focus

beam is swept, pulse by pulse, across a fiber. The signals from the two
outer P.M.T.s are shown scaled by a factor of 5, in the center part of the

figure only, to make them clearer. Amplitudes are in ADC counts.

17



8. Example of beam-beam deflection radiation. Counter response is plotted as
one beam is steered across the other at the collision point. Signal amplitude
is in ADC units, and six pulses are averaged for each 4 micron step in the

abscissa.
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