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Fine conductive fibers have been used to measure transverse beam dimensions of a few microns at the Stanford Linear Collider
(SLC). The beam profile is obtained by scanning a fiber across the beam in steps as small as 1 pm, and recording the secondary
emission signal at each step, using a charge sensitive amplifier. We first outline the mechanical construction and the analogue
electronics of the wire scanner. We then describe its performance in test beams and in actual operation. The article closes with a brief
discussion of performance limitations of such a beam profile monitor.

1. Introduction

The tuneup of the Stanford Linear Collider (SLC) [1]
presents a challenge to measure beam sizes on a scale
not previously encountered in high energy physics. The
goal is to achieve bunches of electrons and positrons
with approximate rms dimensions of 2 pm transversely
and 1 mm longitudinally. Collisions of beam bunches
with such small dimensions have never before been
attempted, and commonly used techniques (such as
phosphor screen monitors) have a much too coarse
resolution.

The device described here is a wire scanner that uses
a very thin carbon fiber. This fiber is moved in uniform
steps across the beam path while measuring the electri-
cal signal generated by secondary emission [2]. Wire
diameters of approximately 7 and 25 pm have been
used in SLC beams. Although this technique has been
used at several high energy accelerators [3-8], we are
not aware of its previous use at such a small scale of
dimensions. Both the beam profile and the beam posi-
tion are accurately determined by digitizing the wire
position in steps as small as 1 pm, while recording an
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electrical signal whose amplitude is proportional to the
amount of beam striking the wire. Other detection
methods have been considered [3,4], such as the mea-
surement of scattered beam particles or change in resis-
tance due to temperature rise in the fiber, but — at these
beam energies and repetition rates — secondary emis-
sion appeared to be the simplest method. Some new
questions arise regarding the viability of the wire scanner
in very intense beams. The SLC design calls for 5 x 10'°
electrons or positrons in a beam bunch of the very small
dimensions given above. The heating which results from
impact of such intense bunches may cause damage to or
break the fiber. Carbon was chosen as the fiber material
because the energy loss per unit length due to a crossing
beam particle is relatively small, the melting (or sub-
limation) point is quite high, and the mechanical prop-
erties are otherwise good. The results described here
were obtained in the tuneup phase of the SLC with the
beam intensity well below its design value, so viability
of the fibers has not been put to a significant test.

2. Mechanical design

Fig. 1 shows the SLC layout in plan view, with the
wire scanner locations denoted. On each SLC machine
pulse, electron and positron beam bunches travel the
full length of the Stanford linac, about 3000 m, gaining
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Fig. 1. Layout of Stanford Linear Collider (SLC). Wire scanners
were built for the interaction point (IP), and the north and
south reverse bend (RB) locations.

an energy of about 50 GeV per particle. The design
intensity is 5x 10'" particles per bunch, but in the
tuneup phase, intensities of about 3 X 10° were typical.
At the end of the linac the transverse radius of each
bunch is about 90 pm, and it is here that the electron
and positron bunches are separated by a magnet; then
each is transported about 1300 m around an ‘“arc”
section to the final focus section. In the final focus the
beam size is reduced to its minimum value at the
collision, or interaction point (IP), of the electron and
positron bunches.

Here, in a vacuum of about 10~° Torr, the final
focus wire scanners must operate. At the IP, three wire
scanners were used, each having a measuring head with
two carbon fibers of different diameters: about 7 um
and 25 pm. Each wire scanner measured profiles in one
of the three transverse directions: X (horizontal), Y
(vertical) and V (at 45° to X and Y). Two of the three
measuring heads (X and Y) could be inserted into the
beam simultaneously, by virtue of a 1 mm offset in
position along the beam direction (Z). A drawing show-
ing the arrangement of the three wire scanners on their
support plate is shown in fig. 2. A photograph of a
measuring head is shown in fig. 3, with wires installed.
The carbon fibers, which are very brittle, were drawn
around a curved surface of radius 4.5 mm on the
ceramic holder to minimize the possibility of breakage.
They are not mounted in a single plane normal to the

beam axis, but are offset in Z by about 350 pm, and
spaced laterally (as seen by the beam) by 200 pm. The
surface of the ceramic holder has been rendered slightly
conductive by rubbing graphite on it; this prevents
buildup of charge on the surface. Leadout wires were
kept as short and as nearly perpendicular to the beam
direction as possible to minimize the beam induction
signal. These leads were insulated with ceramic beads,
since commonly used (e.g., organic) insulators are un-
suitable in a high vacuum environment and are also
quite vulnerable to radiation damage.

The measuring head is attached to a support shaft,
and leads from each end of the fiber are brought to
feedthrough insulators in a housing mounted on the
actuating stage of a commercially available linear posi-
tioning device [9]; the stage is moved by a stepping
motor in 1 pm steps. The vacuum seal is made by
ceramic insulated feed throughs (BNC) welded into the
wall of the housing, which is in turn coupled to the
vacuum pipe using a bellows of nominal 3 in length,
allowing a total actuator motion of about 30 mm. Lead
weights counterbalance the 5 kg vacuum loading on the
bellows. The maximum residual loading of 3.2 kg, due
only to the bellows spring constant, is well within the
manufacturer’s 5 kg rating. Microswitches define the IN
and RETRACTED positions, and interlock the step-
ping motor controllers. The normal running speed is 0.5
mm/s, corresponding to a 500 Hz stepping rate. About
45 s are required to insert the device to a PARK
position close to the beam from which the actual scan is
initiated. A typical beam scan takes about 15-20 s. The
entire system is completely under computer control and
may be operated from the Main Control Room by the
SLC operators, or from any of several satellite loca-
tions.

Another version of the wire scanner has been built
for the reverse bend (RB) locations in the SLC arcs (fig.
1). At each of these locations the beams are nominally
circular with about 100 wm radius. Focusing on the wire
in either the X or the Y plane is expected to reduce the
size to about 12 pm, and from this size the beam
emittance can be determined. Moreover, verification
can be made of the alignment of the beam optical axes
with the X and Y planes, as well as the absence of any
X-Y correlation. The design allowing this additional
measurement capability, not present in the final focus
unit, is illustrated in fig. 4. The measuring head in this
case supports the two wires of 25 pm diameter with a
calibrated spacing (~ 200 pm). While in the case of the
final focus wire scanners the normal operation consists
of mechanically scanning the wire past the beam, the
measurement with the RB wire scanners is performed
by deflecting the beam in stepwise increments past the
wire, using small steering magnets. The stepping motor
drive is used to insert and retract the pair of wires, and
to rotate them about the beam axis after the measuring
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Fig. 2. Schematic of the arrangement of the three wire scanners mounted at the IP location. Some components are illustrated for the
X-motion scanner.

head reaches the fully inserted position, as indicated by
an electrical contact. The gear and ratchet mechanism
which accomplishes this is seen in fig. 4. The calibrated
wire spacing allows a direct calibration of the deflection
magnet sensitivity, setting the scale for profile measure-
ments. The wire rotation allows the beam waist mea-
surement to be made in the directions of the X or Y
axes, or any intermediate direction if X-Y correlations
are present.

3. Electrical and electronic design
3.1. Preamplifier and CAMAC module

Signals from each of the scanner wires are taken via
3 m lengths of RG223 cable (double-shielded) to a
preamplifier which is completely surrounded by an elec-
trostatic enclosure. In addition, the preamplifier is con-

tained inside a heavy lead shield which protects it from
ionizing radiation. The circuit block diagram is shown
in fig. 5. The input signal from the wire is buffered by a
charge sensitive preamplifier with provisions for placing
a bias voltage on the wire and injecting a charge for the
purpose of calibration. The signal from the preamplifier
is amplified and shaped with a peaking time of about 3
ps. The output is sent via 125 m of shielded multicon-
ductor twisted pair cable to a CAMAC module which
serves as an interface to the rest of the digitization and
control modules, having connections for: calibration, dc
wire bias, stepper motor control, encoder readout and
analogue wire signal output. This signal is digitized by a
CAMAC analogue-to-digital converter (ADC).

3.2. Signal response

Fundamental to the approach is the response of the
electronics to the two types of input signal as illustrated
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Fig. 3. Photograph of a measuring head used at the IP. Two
measuring wires, 7 pm and 25 pm in diameter, are clearly
visible.

in fig. 6. As the beam approaches the wire, a charge is
induced that results in a current flow to the preampli-
fier; this occurs whether or not the beam strikes the
wire. As the beam leaves the vicinity of the wire, the
induced charge is removed, resulting in a current equal
in magnitude, but opposite in direction to the first
impulse. The separation in time of the two flows is of
the order of a few picoseconds. The resulting shape (a
differential of a Gaussian) due to the doublet input is
shown in fig. 6. There is an additional signal when the
beam does strike the wire: the energy loss process in the
wire results in the emission of secondary electrons. The
resulting charge impulse is amplified to produce the
Gaussian shape shown. To maintain the linear response
of the preamplifier, essential to this approach, a 1 nF
shunt capacitor was added to attenuate the voltage
extremes of the doublet input. In operation the ana-
logue-to-digital converter samples the wave form at the
crossover region of the doublet response. As is shown in
the figures, this sample time will correspond to a maxi-
mum in the desired response to the secondary emission
of electrons. The wire signal digitization is done in a
LeCroy 2249 W ADC, gated by programmable gate
delay and width units. The gate timing is provided by

the SLC timing system. The dc response is a current of
about 12 pA to the ADC per pC of charge at the
preamplifier input, or with a 0.5 ps gate width, 6 pC
output to the ADC (channel 24). As an example, if the
effective coefficient for secondary emission is about 2%,
and if 1 X 10° electrons (or positrons) struck the carbon
fiber, then a 20 pC charge would be digitized by the
ADC (in channel 80).

3.3. Position readout

Position readout is provided by an incremental en-
coder on the stepper motor drive [9]. This encoder
digitizes the optical signals produced as a circular grat-
ing attached to the motor drive rotates in front of a set
of photocells. The encoder is sensitive to the direction
of motion, and the entire system has a nominal accu-
racy of one step, or 1 pm. In addition, there is a linear
potentiometer connected to the stage motion, having an
accuracy of roughly 20 pm. This is primarily to provide
a means of detecting possible malfunctions in the digital
readout. Both of these readouts should agree with the
number of steps requested by the command program.

3.4. Calibration and fiber bias

The electronic gain of the preamplifier can be de-
termined by injection of a calibrated voltage pulse into
the CAMAC module. There is also provision for intro-
ducing a negative dc bias voltage on the wire at this
module, a technique which has been used to enhance
the signal according to several published reports [4,5,7].
The basis of the effect is believed to be that some
fraction of the very low energy electrons knocked out of
the wire may return to the wire due to local electric
fields, unless repelled by a small negative bias on the
wire (usually ~ 30 V is sufficient). As will be described
below, no effect due to the bias was found in tests with
our wire scanner.

4. Tests: problems and solutions
4.1. Bench test of beam induction effect

As mentioned earlier, the response to a fast unipolar
impulse (i.e., lasting << 3 ps) is a bipolar pulse of ~ 3
s zero-crossing time. The induction due to the field of
the passing beam bunch, which has about a 1 mm
length (rms), creates just such an impulse on the scan
wire, lasting only about 10 ps. For a bunch close to the
wire the amplitude of the induction signal can be many
times the secondary emission signal. Due to its transient
behavior, however, no signal from this effect should
contribute to the measurement of the dc level at the
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Fig. 4. Photograph of an RB wire scanner assembly. Evident are the components illustrated in fig. 2, as well as the ratchet and gear
mechanism used to rotate the measuring head while in the “inserted” position.

sampling (crossover) time at 3 ps. Nevertheless, there
was concern that some residual effects might perturb
the desired signal (e.g., due to nonlinearities in the
electronics system), since the induction amplitude could
be much larger. Measurements were made of the beam
induction pickup using a simulation of the beam bunch
by a fast (~ 300 ps) pulse on a thin wire strung through
the actual wire scanner housing. The actual preamplifier
system was also used. The induction pulse was virtually
unmeasurable at simulated beam levels of ~ 107
e~ /pulse. When the scanning wire was oriented parallel
to the beam, however, a distinctive induction signal was
observed, at least 10 times larger than for the normal
wire orientation. This is as expected, and led to careful
placement of signal lead out wires as nearly perpendicu-
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Fig. 5. Block diagram of electronics for wire scanners.

lar to the beam axis as possible. Another feature is also
advantageous: The induction signal is largely composed
of very high frequency components, and that part gen-
erated at the fiber tends to be filtered out by the
capacitances associated with the preamplifier input and
the natural resistivity of the carbon fibers (~ 9 kQ for
the 2.6 cm length of 7 um fiber from the electrical
connection to the center of the fiber).

4.2. Beam tests

Initial testing was performed in a 46 GeV electron
beam at the end of the linac, with intensities of about
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Fig. 6. Response of electronics to beam-induced signal and to
the secondary emission signal.
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Fig. 7. First successful measurements of a beam profile performed at the end of the linac. (a) Profile taken with a 500 pm diameter
wire. (b) Profile taken with ~ 150 wm diameter wire. Both wires were made of copper, and the beam size was approximately 500 pm
rms, as determined by a scan using a phosphor screen.

5% 10% e~ /pulse and with 5 pulses/s. The drive system
was controlled by a program running under BASIC on
an IBM PC. Several crucial facts became apparent
during these tests. Most importantly, this test area was
not well shielded from stray particle fluxes, and also
contained large amounts of electromagnetic radiation
background, particularly close to the beam pipe. It was
soon apparent that the preamplifier needed to be placed
away from the beam pipe (~2.5 m) and inside a
lead-brick house to shield against particle background.
In addition, it was found necessary to have double-
shielded coax signal leads to protect against EM radia-
tion. The combination of these improvements reduced
the background level by a factor of 2000. It was also
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discovered that the signal cable must have solid-core
insulation, as particle backgrounds produced gas ioniza-
tion in the air-core cable used initially. It was verified
by applying a bias voltage of about 100 V, first with
positive polarity, then negative, directly to the air core
cable. There was a large background signal observed
with either polarity, presumed to be due to collection of
positive ions or electrons resulting from the ionization
of the air core of the cable. In the case of solid insula-
tion no such effect was observed. After these improve-
ments a profile was easily measured using copper sens-
ing wires, having diameters of 500 pm and 150 um,
comparable with the measured beam size of ~ 500 pm
rms (fig. 7).
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Fig. 8. Beam profile measurement in X direction at the IP. (a) Profile taken with ~ 25 um diameter fiber; (b) Profile with 7 pm
diameter fiber. Both fibers are carbon filaments. The ~ 200 wm transverse spacing between the fibers is evident. The beam size is
about 15 pm rms.



R. Fulton et al. / A high resolution wire scanner 43

5. Experience using wire scanners in the tuneup of SLC

The wire scanner has been used to measure X and Y
profiles of both e and e* beams at the IP. Examples of
typical profile plots are shown in figs. §-10. Each point
represents the measurement of a single pulse. The beam
profile is obtained from a sequence of such measure-
ments as the wire is scanned across the beam path. The
vertical scale represents the wire signal response to a
single SLC beam pulse, in ADC channel number, and
the wire position is plotted in pm on the horizontal
axis. The ~ 200 pm transverse spacing between the two
wires is apparent in fig. 8 which shows the response
from both wires on the same beam scan. In this case,
the scan was done in the X direction, and the resulting
profile width is about 15 pm rms. It will be noticed that
the peak response of the large wire is about eight times
that of the small wire, while the ratio of beam inten-
sities subtended by the wire diameters is only about 3:1
for a Gaussian shape. This effect is currently being
studied by investigation of the details of the SEM
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mechanism. Fig. 9§ is an example of a measurement of
the X and Y profiles on the small wire of an electron
beam, taken less than 1 min apart, showing rms sizes 8.3
and 6.5 pm, respectively. The sizes quoted represent the
widths of Gaussian distributions fitted to the raw data.
They therefore are the convolution of the actual beam
size, the pulse-to-pulse beam position jitter (if any), and
the resolution effects due to the finite wire size. Fig. 10
shows X and Y scans of positrons and electron beams
which were brought to the IP simulitaneously, but which
were not colliding at the time these scans were taken.
This figure also clearly illustrates how the wire scanning
technique can be used to bring the two beams into
collision.

6. Sense wire response
6.1. Secondary emission

The principal mechanism of secondary emission pro-
duces soft electrons from “distant” collisions (i.e., large
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Fig. 9. Profile scans in X and Y directions of the beam taken less than 1 min apart using the smaller fiber. The beam size was 8.3 pm
in X and 6.5 pmin Y, rms.
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the large fiber.
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impact parameters) with the passing projectile particle.
A beam particle produces a secondary electron in a few
percent of the collisions, based upon previous reports
[3-7]. In the present device, we observe secondary emis-
sion efficiencies which depend upon wire diameter and
also upon beam particle, e~ or e*. It is about 1% for an
e~ beam with the 25 pm diameter fiber. Based upon
only one instance where sufficient data was available, it
appears that the efficiency for e™ is significantly higher
than for e”. A difference in response between e~ and
e™ may well be expected from the effects of the electric
field of the beam bunch upon the emitted secondary
electrons. Another effect, observed by others but not
seen by us is that of signal enhancement by placing a
small (~ 30 V) negative dc bias on the wire: as much as
a factor of two signal increase has been reported [5].
This is explained as a repulsion from the wire of some
very low energy secondary electrons which would other-
wise return, due to a negative ambient potential in the
neighborhood. In the present case, it seems likely that
the intense electric field from the SLC bunches (up to
several MV /cm) dominates the local potential so there
is little influence from a relatively small dc bias voltage.

6.2. Heating of the carbon fibers

In thin fibers, part of the ionization energy loss
escapes in the form of delta rays [8]. The greater part,
however, remains to heat the fiber and very simple
considerations show that the carbon sublimation point
would easily be exceeded in a single SLC pulse fully
focussed onto the fiber with design intensity and spot
size. At lower intensities, thermal shock may cause
failure, and the threshold for this is very uncertain.
During the SLC development period discussed here, the
beam intensity was always less than 5x 10° particles
per pulse, the transverse rms dimensions were greater
than 5 pm, and all fibers survived. Under these condi-
tions the maximum temperature of the fiber is calcu-
lated to be less than 300°C. Between SLC pulses the
fibers cool by conduction primarily, with some radia-
tion cooling at higher temperatures. This should be true
up to the full 120 Hz repetition rate, but for this report
the SLC operating frequency was only 5 Hz.

7. Summary

A wire scanner making use of secondary emission
from very thin carbon fibers has been used successfully
in the measurement of beam profiles at the Stanford
Linear Collider. Beams as small as 5 pm rms have been
measured. After proper shielding techniques were im-
plemented, the instrument has proven to be quite relia-
ble and was used routinely in the tuneup of the final
focus section of the collider.
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