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To provide new access to information about nucleon structure from electron-neutron interactions, a specialized
system of target and detector was developed at Jefferson Lab. It allows identification and measurement of
spectator protons produced in e~ d — e~ ps X scattering events. The detector is a radial time-projection chamber
optimized for the acceptance of low-momentum protons. Gas gain is provided by three cascaded curved Gas
Electron Multipliers (GEMs), the first application of GEMs in any configuration other than flat.

1. Introduction

Ever since the GEM was first described[1] it
was apparent that it might serve very naturally as
the gas-gain element of a time projection chamber
(TPC)[2]. Subsequently, several groups[3,4] have
demonstrated this technique. GEMs allow an al-
most arbitrary readout electrode pattern (strips,
pads, chevrons, etc.) which can be chosen to suit
the particular needs of a given application. Pre-
viously, electrode configurations were constrained
by the orientations of the wires used for gas gain.
With GEMs, no wire-orientation artifacts exist in
the resulting data because the GEM serves as a
uniform amplification surface having no preferred
orientation.

Thus far, all of these electrode patterns have
been formed on planar surfaces and the GEMs
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were also flat. As noted early[5], however, there
is no reason that GEMs could not be formed
into curved surfaces to mate with similarly curved
charge-collection electrodes. In the present work
we report on the development, construction, and
operation in a nuclear physics experiment of a
radial time projection chamber (RTPC) in which
the GEMs and readout surfaces are cylindrical.
The use of GEMs allowed us to form the detector
in a shape that was natural for the experiment
and to eliminate the relatively massive structural
components that would have been necessary to
maintain wire tension.

2. Physics Motivation

Over the history of nuclear and particle physics
much has been learned about the structure of
the proton through scattering experiments using
proton targets in the form of hydrogen nuclei.
Equally fundamental scattering data on neutrons
is much more difficult to obtain, however, since
free neutrons do not exist in ordinary matter.



The closest approximation to a free neutron in
matter is the partner of a proton in a deuterium
nucleus. Estimates of neutron scattering proper-
ties may be found by noting the differences be-
tween deuteron and proton scattering data, and
applying model-dependent corrections for nuclear
binding effects.

An example of this sort of analysis is shown
in Fig. 1. It shows the recoil mass distributions
obtained under similar conditions when electrons
are scattered from a hydrogen target and from a
deuterium target. While one would expect similar
richness of the resonance spectrum in both pro-
tons and neutrons, it is apparent from the figure
that the experimental technique does not provide
a clear picture of the neutron resonance spectrum:
the effects of nuclear binding and final-state in-
teractions smear the observed mass distribution.
Similar difficulties exist in experiments probing
neutron form factors and structure functions.

In the absence of a truly free neutron target,
it is possible to improve the experimental situa-
tion if individual beam-deuteron scattering events
can be identified as having involved primarily the
neutron as the target particle. The situation gets
even better if those events with minimal final-
state interactions and only weak nuclear-binding
effects can be selected. A technique that achieves
these goals is spectator-proton tagging, which
is straightforward to apply in deuterium bubble
chamber experiments [9], and has also been im-
plemented in a few counter experiments [10].

In the spectator-proton method, one identifies
events as involving a neutron target by observing
the presence of the essentially unperturbed ini-
tial nuclear proton in the final state of the inter-
action. Particularly, the presence of a final-state
proton moving backwards relative to the beam
particle signifies a very likely neutron-target event
with minimal interaction between the proton and
other final-state particles. Measurement of this
proton’s momentum constrains the initial state
(Fermi momentum) of the neutron at the time
of the collision, leading to a correct determina-
tion of the kinematics of the beam-neutron in-
teraction. This technique is the basis of the
BoNuS (Barely off-shell Nucleon Structure) ex-
periment, E03-012 at Jefferson Lab, which is the
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Figure 1. Inclusive resonance electroproduction
cross sections from JLab at Q? = 1.5 GeV? [6].
Cross sections are shown as a function of invariant
recoil mass squared for hydrogen (top) and deu-
terium (bottom) targets at matched kinematics.
The hydrogen spectrum is plotted with global,
resonant, and non-resonant fits [7,8].

beginning of an experimental program to study
electron-neutron scattering[11]. The piece of ex-
perimental hardware at the core of this experi-
ment is a time projection chamber designed to de-
tect and measure spectator protons. It surrounds
the beamline and a high-pressure gas target, and
sits within the CEBAF Large Acceptance Spec-
trometer (CLAS)[12] in Hall-B of Jefferson Lab.

3. Detector Concept

3.1. Physics Considerations in the Detec-
tor Design

To outline the required characteristics of the

spectator proton detector for the BoNuS experi-

ment, it is necessary to know the momentum and

angular distributions of the protons, the rates and

types of background particles that will penetrate
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the detector, and the event rate that must be ac-
commodated. For this purpose, the Fermi mo-
tion of the nucleons within a deuterium nucleus
is adequately described by the Hulthen wavefunc-
tion[13]. The angular distribution of the nucleons
is isotropic in the lab frame, although the exper-
imentally observed distribution will be modified
by the energy-dependence of the scattering cross
section. The nucleon momentum distribution is
shown in Fig. 2, where it can be seen that mo-
menta in the range of tens of MeV/c are favored.
The low energy spectators are also the ones least
likely to have been boosted by final state interac-
tions. Thus it is crucial that the detector accept
protons with the lowest possible energy over a
wide angular range.

Momentum Distribution: p(p)p2dp
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Figure 2. Deuterium Nucleon Momentum Distri-
bution as modeled by the Hulthen wavefunction.

To perform the experiment as efficiently as
possible, it was desired to fully exploit the
data acquisition capacity of the existing CLAS
systems by taking data at a rate of at least
2kHz. This leads to a design luminosity of about

103* ¢m™2s7', which can be achieved with a
6 GeV/c electron beam current of 200 nA strik-
ing a 12.6 mg/cm? deuterium target (20 cm of
deuterium gas at 7 bar pressure). The exper-
iment proposal shows that some 3 million e-n
backwards-spectator events are needed to form a
compelling statistical sample of collisions for res-
onance production and form-factor studies, which
can be collected in about 30 days of running at
the above rate.

With such a beam and target, interactions with
atomic electrons produce a huge flux of Moller
electrons. This background would completely
flood the spectator detector if it passed through
the tracking region. One standard technique for
avoiding this is to provide a strong magnetic field
throughout the target region, with the field lines
parallel to the beam, so that Moller electrons are
trapped in a small cone extending downstream
from the target. A massive absorber further
downstream then stops the bulk of this back-
ground. Of course, the detector sensitive region
can begin only outside this high-background zone.
Fortuitously, this same magnetic field provides
momentum analysis of spectator protons.

The ionization energy loss of 100 MeV/c pro-
tons is about 25 times that of minimum-ionizing
particles. This ratio increases as the proton mo-
mentum decreases. Very little material is re-
quired to stop such heavily-ionizing particles.
This consideration leads naturally to the choice
of a TPC to detect the spectator protons because
of the very low density of such detectors. It also
leads to the choice of a helium-based mixture for
the sensitive gas as well as the use of the thinnest
possible entrance windows so that low momentum
protons can enter and pass through the tracking
volume. The low density requirement also im-
pacts the design of the experimental target, as
the protons must have a reasonable probability
of exiting the target volume.

It is convenient to make use of the large differ-
ence in the densities of the ionization trails be-
tween the slow protons we wish to measure and
the lightly-ionizing background particles we wish
to suppress. This density difference is helpful
during analysis to distinguish even forward-going
spectator protons from other collision products.



As will be discussed below, it also allows one
to set the gas gain and electronic threshold such
that the detector is not sensitive to particles other
than those likely to be spectator protons.

3.2. Experimental Constraints and Con-
ceptual Design

The chosen detector is a TPC which surrounds
a long, thin, gas target, and which would fit in-
side an available 4 Tesla solenoid magnet [14].
The length of the target, and therefore the length
of the TPC, was influenced both by the need to
obtain the required luminosity without stopping
the spectator protons in the target itself, as well
as the requirement to correlate interactions ob-
served in the spectator detector with interactions
detected in the CLAS tracking system.

The target is a 250 mm long 6 mm dia. straw
made of spiral-wound 50 pm thick Kapton®[15].
It is filled with target gas (normally Do, but also
H, or He for calibration data) at pressure up to
7 bar. The TPC active volume is 200 mm long.
The target extends 50 mm downstream of the
TPC to reduce the acceptance for particles scat-
tered from its downstream window (30 pm Al).
The upstream target window is coincident with
the upstream end of the TPC, but triggers from
interactions on this window and in the first 50 mm
of target are suppressed by a metal cylinder sur-
rounding this portion of the target. Interactions
in this region are of less interest because there is
no acceptance for backwards spectators originat-
ing here.

The TPC and the on-chamber electronics must
fit within the 220-mm bore of the magnet. This
TPC system is mounted on the end of a 3-m long
tube through which the beamline vacuum pipe as
well as all utility and signal lines are routed. At
the upstream end, the tube is fixed to a large
rail-mounted cart which allows the detector to
be inserted into the bore of the magnet and sur-
veyed into place. Fig. 3 shows a diagram of this
structure and the location of the BoNuS detector
within a cross section of CLAS.

In a conventional cylindrical TPC the ion trails
are forced toward either the upstream or down-
stream end cap where the gas-gain components
and readout are located. This makes the end
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caps somewhat massive because of the electron-
ics and cables, but the position resolution often
benefits by having the ionization electrons drift
along magnetic field lines parallel to the cylinder
axis.

In the BoNuS experiment, secondary parti-
cles from the events, notably the scattered high-
energy electrons, travel predominantly forward
and must pass through the downstream end cap
of the TPC before they enter the CLAS tracking,
particle identification, and calorimetry systems.
Clearly it is advantageous to minimize the end
cap density. Further, the solenoid magnet avail-
able for use has a length to diameter ratio less
than unity leading to significant divergence of the
field lines within the TPC drift volume. This di-
vergence would cause large portions of tracks in
an axial-drift TPC to be lost as the ionization
electrons, drifting along the field lines, would im-
pact chamber boundaries away from the end caps.

For these reasons it was decided to employ the
radial drift technique in the BoNuS TPC. Ion-
ization electrons move radially outward, roughly
perpendicular to the magnetic field, and arrive on
the inside of the outer cylindrical surface of the
TPC. With the radial extent of the detector be-
ing smaller than its length, this also shortens the
drift path and reduces the time required to clear
a track out of the sensitive volume. An exam-
ple of an RTPC already exists in the STAR ex-
periment[16] at Brookhaven National Lab. Read-
out, electrodes, electronics, and cables can reside
on the curved surface of the cylinder leaving the
downstream end cap free of such massive compo-
nents. While ion trails drifting across the mag-
netic field lines will follow a curved path, this
complication can be dealt with as the data are
analyzed.

With this basic design in mind, it remained to
decide how to provide gas gain and gating struc-
tures in the detector. STAR, for example, used
modules consisting of anode wires and readout
strips placed at intervals around the drift vol-
ume. Most TPCs with readout on the end caps
use wires for gain, along with various configura-
tions of gating grids to prevent positive ions pro-
duced in the avalanches from drifting back into
the sensitive volume. In more recent work, inves-
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Figure 3. Cross Section of the BoNuS RTPC Location within CLAS. The RTPC is on the end of its
support structure and positioned at the center of the CLAS system, along the beamline. The target (not
shown) is surrounded by the RTPC. The solenoid magnet surrounds the RTPC.

tigators have been using micro-pattern gas detec-
tors, including GEMs[17]. GEMs were suggested
by Sauli as a means to improve the performance
of TPCs in general[2], and, for the BoNuS detec-
tor in particular, he stated that the RTPC with
cylindrical GEM readout would be “the simple
and natural solution to the problem” [18]. Prior
to the work described in this report, however,
nobody had tested GEMs in any configuration
other than planar, although it was anticipated
that there was no fundamental reason why they
would not work[5].

4. Prototype Studies of Cylindrical GEM
RTPCs

To determine the feasibility of using curved
GEMs in the BoNuS RTPC, several prototype
detectors were built and tested. The goal of this
effort was to build a small RTPC which would ex-
pose problems to be encountered with construc-

tion and operation of the full size BoNuS detec-
tor. Thus these GEMs should have the same
curvature as those needed for BoNuS and they
should be supplied by a manufacturer that could
also produce the custom-designed GEMs needed
in the production detector. Further, the mechani-
cal components and readout configuration should
be similar to what would be needed in the final
design.

4.1. Flat GEM TPC Prototype

The first step was to construct a simple flat
GEM TPC to learn how to operate even the sim-
plest form of such a device and to demonstrate
that it could be used to track and distinguish
minimum-ionizing particles and heavily-ionizing
protons. A cross section of the resulting detector
is shown in Fig. 4. From top to bottom it is com-
posed of an aluminized-mylar entrance window,
an aluminized-mylar cathode, 19.1-mm tracking
region, three GEMs, and a printed-circuit board



(PCB) patterned with 2.5-mm wide strips at-
tached to a connector. The tracking volume was
usually filled with a mixture of 20% CO» and 80%
Ar at atmospheric pressure.

Aluminum
Frame

Stacked
PC Boards

= Signals Out

I
L Strip Pattern
r on PC Board

Figure 4. Cross Section Diagram of the 10 em x
10 em Flat TPC.

GEMs used in this module were produced by
3M [19]. They were in the standard 10 cmx 10 cm
format originally produced by CERN, and were
stretched and attached to FR4 PCB frames
1.59 mm thick. As shown in the figure, the en-
tire detector assembly was composed of a stack of
several of these frames compressed between two
aluminum plates. Gas ports in the plates mated
with appropriate holes and passages in the win-
dow frame and readout-board to provide gas cir-
culation.

The most significant challenges in the construc-
tion of this prototype involved management of
the high-voltage systems. Initial attempts to
make the entrance window (at ground poten-
tial) and the drift electrode (at up to -5 kV)
from a single piece of Cu-Kapton-Cu laminate
were unsuccessful. Using standard printed-circuit
techniques, the conductor was etched away from
the outer 10 mm of both sides of a 120 mm x
120 mm sheet of material. The remaining elec-
trodes were charged by a high-voltage power sup-
ply. All samples thus prepared eventually failed
when the 50 pum thick Kapton®broke down at
some point along the edge of the copper cladding.
Failures in the center were unusual, reflecting
the very high dielectric strength of Kapton® (=
175 kV/mm)[15].
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The successful design of the cathode and win-
dow separated these two functions. Each one is
made of a sheet of mylar 6.4 pm thick which has
been coated on both sides with a 35 nm thick
layer of aluminum. This material is commonly
used as a thermal barrier in cryogenic systems.
The window is spaced 8 mm away from the cath-
ode and the volume between them is flushed with
the same gas used in the tracking volume. This
gap is sufficient to support the high potential
difference(~5 kV) across it. Although the gap
takes up additional space, the two-component de-
sign has the advantage of presenting much less
mass than one double-clad layer of insulator hav-
ing the same dielectric strength.

High voltage to all of the detectors described
in this report was provided by a simple divider
circuit and two power supplies as indicated in
Fig. 5. This circuit is a variation of an earlier de-
sign[20] which provides nearly simultaneous shut-
down of all high voltages in the event of a fault,
as well as separate adjustment of the TPC drift
field and the potentials affecting gas gain in the
GEMs. Both power supplies are referenced to
ground, so the voltage across the tracking region
is determined by the difference between the two
supply set-points. It is important to choose re-
sistors whose values will not drift either because
of the applied voltages (low VCR such as the
Ohmite Slim-Mox®[21] series) or because they get
hot (sufficient power rating). In cases where the
GEM electrodes were subdivided on one side of
the GEM, a separate 1 M{) current limiting re-
sistor was provided for each segment (only one
of these resistors is shown for each GEM in the
figure).

Initially the data acquisition system consisted
of only eight channels of waveform digitizer
(LeCroy 2262 [22]), so the single-coordinate read-
out was appropriate to enable detection of parti-
cle tracks over a volume large enough to obtain
a few cosmic ray tracks per minute (19.1 mm x
20 mm x 100 mm). Signal pulses from each strip
were amplified by a relatively fast (5 ns risetime)
transimpedance preamplifier (gain &~ 10 mV /uA)
from which the differential output was converted
to a negative-going analog signal appropriate for
driving the 50 Q inputs of the digitizers.
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Figure 5. Two-Channel High Voltage Divider Cir-
cuit used in all of the TPCs described in this
report. Resistor values shown are only typical.
Actual values chosen for use varied.

A 33 Fe source was used to generate signals in
the detector to allow optimization of the GEM
and intermediate electric fields and to measure
the gas gain. Some of the source data will be de-
scribed below. However, the ultimate purpose of
this prototype was to demonstrate the fundamen-
tal tracking capabilities of such a device. Fig. 6
shows graphically the signals produced by a cos-
mic ray and a ~ 5 MeV proton? from the TUNL
tandem accelerator[23]. Triggering of the read-
out for cosmic rays was provided by the coinci-
dence of a pair of scintillators, while for protons
(which cannot penetrate the scintillator paddles)
the trigger was derived from the appearance of

2The tandem energy was approximately 10 MeV. The
lower energy protons entering the detector were obtained
by scattering the primary beam through 90° off of a gold-
plated tungsten wire. Proton energy was further degraded
by passage through air and a plastic absorber.

a signal in the TPC itself. The dense ioniza-
tion trails left by protons (~ 600 pairs/mm in
ArCOs,) are easily distinguished from the sparse
trails caused by minimum-ionizing cosmic rays
(~ 25 times less than the slow protons).

~100 MeV/c proton cosmic ray
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Figure 6. Event displays from the flat prototype
TPC when traversed by a low-energy proton (left)
and a cosmic ray (right). The size of each box in-
dicates the signal pulse-height at each sampling
interval for each strip. It was necessary to in-
crease the GEM gain (high voltage) in order to
track cosmic rays. The shaded portions of the dis-
plays indicate the drift-time window correspond-
ing to the physical chamber volume. The drift ve-
locities were different when these two events were
recorded.

4.2. Curved Prototype

The design of the prototype curved-geometry
detector is essentially an extension of that of the
flat prototype. Open frames made of Ultem®[24]
support the GEMs, the cathode, the thin in-
ner window, and the charge-collection electrodes
(padboard). The frames are formed in a curved
shape, however, as though they had been cut out
of a cylindrical surface. Diagrams of this proto-
type module are shown in Fig. 7.

It was important to build this prototype in
such a way that the GEMs and other components
would have the same curvature as the elements of



the final BoNuS detector. The cathode has ra-
dius 40 mm, the GEMs are at radii of 60, 63, and
66 mm, and the padboard inner radius is 69 mm.
(The ultimate design of the production detector
uses a 30 mm radius cathode.) The inner window
of the curved prototype is placed at r=25.4 mm.
Because the available GEMs had an active area of
10 cm x 10 c¢m, the above GEM radii constrained
the prototype to cover about 105° around the axis
and 10 cm along it.

High-Voltage Cathode Readout Pads

Connections _~"

Figure 7. Perspective View and Exploded Cross
Section of the Prototype Curved RTPC

To provide attachment points for the high
voltage connections, flat PCBs are used for the
straight portions of the frames. Their surfaces
are oriented parallel to radii of the cylindrical as-
sembly. The frame end-pieces are circular arcs
whose thicknesses determine the spacing between
the components they support. Each sub-assembly
consists of two arcs and two flat boards. These
pieces were held in the correct relative orientation
on a custom fixture and then bonded together by
epoxy(TRA-BOND 2129[25]). When the detec-
tor is assembled, the cylindrical arcs nest within
one-another and the flat PCBs lie on top of one-
another.

The cathode and window materials were at-
tached to their respective frames using minor
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variations on the following basic GEM mounting
procedure. Untrimmed foils (15 cmx 15 cm) were
aligned and laid across a semi-cylindrical mandrel
fabricated with the correct radius for that partic-
ular foil. Placement of the GEM was done by
hand and did not put it under tension, but sim-
ply made it lie smoothly against the mandrel. It
was fixed in position by adhesive tape. The cor-
responding frame subassembly was then coated
with a thin layer of epoxy on its inner surfaces and
placed on the GEM, using mechanical guides built
into the assembly fixtures to assure proper orien-
tation. The frame was clamped in place against
the GEM and mandrel and the epoxy was allowed
to cure. Fig. 8 shows the first curved GEM at
this stage of preparation. Excess material was
trimmed away from the outside of the assembly,
taking care to protect the high-voltage leads from
each side of the GEM. These were carefully folded
and glued to lie against the flat PCBs where metal
traces bring the high-voltage connections to the
outside for attachment to the external circuit.
Forming the outer surface of the RTPC is the
padboard. This is a PCB with pad electrodes
on one side and a standard commercial connector
pattern on the other. Each pad is connected by
traces and a closed via to one of the connector
nodes. The board was made using a thin FR-4
substrate so that it could be rolled and then held
at the desired radius by its frame. The board
used in this prototype is ~380 pm thick, and
was preformed by clamping it around a 100 mm
dia. tube while baking it at about 120°C for
a few hours. The basic pad shape is a rectan-
gle with dimensions approximately 4 mm x5 mm,
the 5 mm side being parallel to the cylinder axis.
A geometry with each axial row of pads offset
from its neighboring rows in a quasi-randomized
brickwork arrangement is the final preferred de-
sign (see Fig. 11). It reduces the likelihood of a
track which projects along a single row of pads,
which would lead to poorer position resolution.
Operating gas is introduced to the chamber
through a port in the arc between the inner win-
dow and the cathode. A port and tube in the
arc on the opposite ring carry the gas from this
inner gap to the drift region. From here, the gas
flows through the GEMs and exits the chamber
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Figure 8. First Curved GEM after attachment to
its frame. The excess material has not yet been
cut away.

through a hole in the padboard to which an ex-
haust tube is attached. This flow path was cho-
sen so that the pressure gradient across the cath-
ode material would be radially outward, causing
the cathode to form the desired cylindrical shape.
The same effect reinforces the natural tendency
of the GEMs to assume such a shape, although
the pressure drop across one of these GEMs at a
flow rate of ~ 1 liter/minute is negligible. Elec-
trostatic attraction between the GEMs and the
padboard is more significant, and also makes each
GEM tend toward a cylindrical shape. Although
the inner window is bowed inward toward the
cylinder axis by gas pressure, this has no impact
on the operation of the detector.

4.3. Performance of Curved GEMs

This prototype detector appears to be the first
application of curved GEMs, so it is appropri-
ate to describe its performance in comparison to
that of the planar detector. The curved-GEM

prototype detector was turned on and immedi-
ately began to exhibit operating characteristics
very similar to its flat predecessor. No unusual
difficulties were encountered. It was subjected to
tests using cosmic rays, radioactive sources, and
~ 100 MeV /c protons.

Pulse-height spectra from a 55Fe X-ray source
were obtained using both the curved-GEM RTPC
and the planar-GEM test chamber. Two of these
spectra are provided for comparison in Fig. 9.
These data were taken using different GEM de-
signs, very different chamber designs, and slightly
different electronics. While quantitative compar-
isons would be unreliable, it is clear from the
figure that GEMSs retain their basic functional-
ity after being formed into cylinders. The gas
gain needed to drive the electronics chosen for
the readout (see below) is in the range 0.5x10° —
1.0x10° for minimum-ionizing tracks, a value
readily achieved with both planar and curved
triple-GEM configurations.

Other researchers [3,27] reported variations
in the gas-gain of GEMs as a function of the
length of time that high voltage had been ap-
plied (“charge-up”) and as a function of the flux
of ionizing radiation (“rate-dependance”), as well
as long-term gain drifts over time. With concern
for the impact such gain changes would have on
the operation of a TPC, we investigated the gain
stability of each of the detectors we built. These
measurements involved three different types of
GEM foils, curved and flat geometries, different
readout electrode configurations, various transfer
and induction field settings, and multiple gener-
ations of electronics. With all of these conditions
being varied it is impossible to make meaningful
quantitative comparisons between one configura-
tion and another. Further, we have no means to
control or measure the moisture (H2O) content of
our gases. However, each of the various data sets
is consistent with the following general observa-
tions.

o GEM gain does depend on the high-voltage
history.

e Upon initial application of high voltage, the
gain increases to its ultimate value with a
time constant of from 5 to 30 minutes.
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Figure 9. Pulse-height Spectra of °°Fe X-rays
obtained from a) Flat and b) Curved triple-GEM
detectors filled with 80/20 ArCO,. The two
peaks correspond to the 5.9-keV X-rays (main
peak) and the argon escape peak 3.2 keV below
that. The planar detector contained a 3.2 mm
drift gap, while the drift region of the cylindrical
chamber was 20 mm deep radially.

e Upon restoration of high voltage after an
interruption, the gain is reduced by an
amount dependent upon the length of the
interruption. It returns to near its previous
value with a time constant similar to that
observed upon initial turn-on. An interrup-
tion of one minute or less typically has a
negligible impact.

e The long-term gain variation under con-
stant high voltage and radiation flux is
dominated by changes in atmospheric pres-
sure.
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e A 1000-fold increase in X-ray flux can cause
as much as a 50% drop in gain. The gain
recovers to its initial value if the flux is re-
duced to the previous lower value.

e The rate-induced drop in gain is observed
only in the region of the detector receiv-
ing the high radiation flux. Other por-
tions of the TPC are unaffected even though
they share the same gas volume and high-
voltage.

e The rate-dependence of gain is less when
using 80/20 He/DME than when using
80/20 ArCO- (although this may merely re-
flect the lower cross section for X-rays in
HeDME).

e The GEM shape (curved or flat) has no im-
pact on any of the above behaviors.

The above observations lead us to include the
follwing procedures when running the experiment
and analyzing the data:

e The detector high voltage must be turned
on at least 30 minutes prior to taking data

e Significant changes in beam intensity must
be noted and the data must be monitored
after such an event to determine when the
detector operation has stbilized.

e The data must be monitored for needed ad-
justments of the gain calibration resulting
from long-term drifts and/or atmospheric
pressure variations.

We stress that all of these variations in gain
with position, with rate, and with time, appear
to be independent of whether the GEMs are flat
or curved.

5. The BoNuS RTPC

The detector finally used for the BoNuS exper-
iment was built upon the experience with fabrica-
tion techniques and operation of the prototypes
discussed above. Here we describe its design and
assembly, the results of pre-run testing, and its
performance in the experiment.
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5.1. Design

As described in section 3.2, the detector was re-
quired to instrument a cylindrical annulus around
the target and to fit within an existing magnet.
To maximize acceptance and cause minimal scat-
tering of secondary particles, mechanical com-
ponents needed to be as small and lightweight
as possible while maintaining a structure which
would be rigid enough to support the GEMs, elec-
trodes, and on-board electronics. The sensitive
volume must begin just outside the region of high
background particle flux near the target. It ex-
tends as far as the first GEM at R=60 mm. The
space outside the pad-board (R=69 mm) was re-
served for pre-amplifiers and cables.

The resulting device consists of two similar
half-cylinder units which are mated together on
either side of the central axis. Axial mechani-
cal structures fit within +£16° wedges along the
top and bottom of the assembly, as shown in
Fig. 10. All of the structural components were
machined out of Ultem®. Each subassembly
(window, cathode, three GEMs, and padboard)
is self-supporting. These parts nest together to
form the whole detector module. The interior
walls of the drift region (two end caps and two
vertical surfaces forming segments of a chord
through the cylinder) are PCBs patterned with
metal traces forming the field cage. The chord
PCBs extend above and below the active portion
of the detector and carry the high-voltage divider
circuits and connection points, as well as pulse-
injection circuitry for testing the electronics. Two
vertical support plates, one above and one below
the detector axis, form the backbone of the sys-
tem. The other subassemblies are attached to ei-
ther side of these plates. The detector is fixed to
its external supporting structure by attachment
to the upstream edges of these plates.

5.2. Custom Gas Electron Multipliers

The three GEM support frames were dimen-
sioned such that identical GEM foils could be
used throughout. These custom GEMs were man-
ufactured by Tech-Etch[26], and have an active
area covering 20 cm x 17 cm. The inner surface
of each GEM is divided into four electrically iso-
lated 5 cm x 17 cm regions to reduce the energy
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stored in any single high-voltage element.

The GEMs were first cleaned and subjected
to acceptance tests. They were rinsed with
ethanol and blown dry with compressed nitrogen
to remove the significant dust and contaminants.
Then they were held by spring clips to temporary
frames providing connections for bias voltage and
were placed in a box flushed with dry nitrogen.
Initially the GEMs were quite conductive, with
side-to-side resistances as low as a few megohms
per segment. After drying and conditioning with
high-voltage for a few hours, the conductivity de-
creased. The foils were accepted if they achieved
a leakage current of less than 1pA at 300 volts.
About 90% of the GEMs passed this crude but
effective test.

Before any of these GEMs were bonded to
chamber components, a sample of them was
tested in yet another prototype planar TPC to
verify that they would meet the performance re-
quirements. A set of two GEMs was assem-
bled into this module with a 3 mm gap between
them and between the final GEM and an elec-
trode board. Tests with cosmic rays and ra-
dioactive sources demonstrated that the Tech-
Etch GEMs could provide the required gain and
stability for the RTPC when appropriate bias and
transfer/induction electric fields were applied.

5.3. Field Cage

The electric field between two infinitely long
concentric cylinders is perfectly radial with the
magnitude at radius r proportional to r~!. To
make the field within the drift volume of the
BoNuS detector a close approximation to this, it
was necessary to provide a field cage on the inner
surfaces of the end caps and chord walls. Eleven
discrete conductive arcs (on the end caps) and
strips (on the chord walls) were held at the volt-
ages that would be present at the center radius of
each conductor in a perfectly radial field.> The
field cage conductor radii, widths, and relative
voltages are listed in Table 1.

3 A more elegant solution would have been to coat the end
cap surfaces with a uniform resistive layer.



12

Plate b)

EMs

Tracking
Volume

Field Cage
Electrodes
(Chord Wall)

High-Voltage ggm )
' \_——_ Circuit Voltage
Left Module Right Module

Divider & Wires

Support Field Cage Voltage Divider upport

Gas Port  to HVPS

H. Fenker, N. Baillie, and S. Bueltmann

Field Cage Electrodes

Plates (Inner Surface)

Cathode
Window

Figure 10. Photograph and Schematic Diagram of the BoNuS RTPC. a) Cross section view through
the center of the detector. b) Photograph of the left module with the readout padboard removed and a
complementary exploded view exposing the components of the right module.

5.4. Attachment of Foils to the Frames

The procedures for fabricating the full-size
RTPC subassemblies were effectively the same as
described in section 4.2 for the curved prototype,
and will not be repeated here.

It is noteworthy that none of the sheet mate-
rials were held under tension when they were at-
tached to their frames. Only the aluminized my-
lar has a modulus of elasticity that would allow
the light-weight frames to support a noticeable
tension without significant deformation. In par-
ticular, the GEMs were not stretched. The result
is that any dimples present in the GEMs after
manufacture and cleaning remain in the assem-
bled unit. While none of the GEM surfaces were
perfectly smooth, only the very poorest-quality
foils had out-of-plane features with amplitudes
approaching 1 mm. None of the imperfections
in the GEMs were linked with subsequent high-
voltage breakdowns.

However, even the tiniest flexure (tens of pm)
of one of the frames will cause the attached sheet
material to form a wrinkle. It was found that
slight imperfections in the alignment fixtures or

uneven clamping forces during assembly caused
many of the subassemblies to show modest distor-
tions. The aluminized mylar windows and cath-
odes were the most difficult to form, but the re-
sulting 1 mm to 3 mm wrinkles are unimportant
for these structures given the modest tracking
resolution required of the detector. Similar im-
perfections in the GEM cylinders, however, re-
sulted in catastrophic sparks between neighbor-
ing GEMs. Attempts to alleviate this problem
by inserting up to three spacer arcs between the
GEMs failed to eliminate the wrinkles. The spac-
ers simply caused the wrinkles to move to dif-
ferent places, and sometimes made the wrinkle
amplitudes larger. Only by carefully hand-fitting
each shell of the detector module was it possible
to achieve an assembly with proper spacing be-
tween layers. Clearly, a design using a monolithic
structure that supported all three GEMs would
have been a better choice.

5.5. Analog Electronics
The outermost layer of the detector is the pad-
board. The pattern of 4.45 mm X 5 mm pads
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Table 1

Field-cage Conductor Locations, Widths, and
Voltages (referenced to the cathode) for the case
of a total drift-gap voltage of 1500 v.)

Strip Center Strip
D Radius Half-Width Voltage
(mm) (mm)
Cathode 30.00 0.28 0
2 32.72 0.67 188
3 35.68 0.80 375
4 38.91 0.94 563
5 42.43 1.09 750
6 46.27 0.75 938
7 49.37 0.85 1078
8 52.69 0.96 1219
9 56.23 1.08 1359
GEM-1 60.00 0.60 1500

on the inner surface of this double-sided PCB is
shown in Fig. 11. The board is composed of gold-
plated copper conductors on a glass fiber sub-
strate, described earlier. Closed vias through the
board connect each pad to a standard surface-
mount connector pattern on the outer surface.
The portion of the outside not occupied by a con-
nector is plated to form a ground plane for elec-
trical shielding.

Each connector carries sixteen pad signals and
four ground connections and supports a pre-
amplifier card. Two hundred cards are required
to instrument the entire RTPC. A schematic for
one channel of preamplifier (Inverter/Driver) is
shown in Fig. 12. The circuit provides only mod-
est gain (—4mV/pA) and risetime (~50 ns), and
so is quite stable against oscillation. It is capable
of driving the signals across a 6-m long, 0.635-
mm pitch ribbon cable to a low-impedance re-
ceiver circuit. Because the preamplifier uses low-
power components, it is possible to provide its
supply voltages as well as sixteen ground and sig-
nal connections on each 34-conductor cable. Each
16-channel preamp card dissipates about 1 W of
heat which is removed by air forced across the
outside of the RTPC.

The preamplifier cards project radially from
the surface of the detector and connect to the
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Figure 11. Pad Geometry in the Production
RTPC. There are 40 rows and 40 columns of
pads. Pad rows (along cylindrical axis) are offset
from one-another to improve the track resolution.
Pads are connected to 16-channel preamp cards in
groups similar to the shaded region of the figure.

ribbon cables in such a way that the cable length
is parallel to the chamber axis. Carrying the
preamplifier power on these cables and avoiding
the need to fold them at the detector are features
crucial to allowing the required electronics pack-
ing density.

Signals are received at the far end of the rib-
bons by buffer amplifiers built on 128-channel
23 cmx33 cm PCBs (the receiver cards). The
schematic of this circuit is also shown in Fig. 12.
The designs of the preamps and receivers were
chosen to minimize crosstalk and sensitivity to ex-
ternal electronic noise. The network following the
receiver stage conditions the signals so that they
are compatible with the inputs of the preampli-
fier / shaping amplifier (PASA) of the ALTRO[29]
Front End Cards (FEC) used for digitization and
readout. The PASAs had been designed to at-
tach directly to the end caps of the the ALICE
TPC[30], but the compact geometry and signal
polarity of BoNuS would not allow a similar im-
plementation.
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Figure 12. Preamplifier and Receiver Schematic.
Between these two stages is a ~ 6 m long ribbon
cable. The OP-AMP chips are Texas Instruments
OPA4354[28].

5.6. Readout

In addition to the receiver circuits, each re-
ceiver card carries a standard ALTRO FEC as
a daughter card. Thirteen receiver boards with
FECs are housed in each of two standard crates
meeting VME mechanical standards. The back-
planes in these crates were custom designed to
provide the control and data busses required by
the ALTRO system. An ALTRO readout con-
troller (U2F) supervises the backplane communi-
cations in each crate and transfers the compacted
digital data to a pair of single-board (VME) com-
puters via USB-2 interfaces. These processors
serve as Readout Controllers (ROC’s) within the
standard CLAS data acquisition system. As con-
figured, the system provides readout of ~1 kB
events at a rate of about 500 Hz. Because the
readout rate is a function of the event size, it
is important to keep noise and oscillations to
a minimum. Enabling of the multi-buffering
scheme available in the ALTRO system would al-
low higher rates.

BoNuS event readout was initiated by the stan-
dard CLAS electron trigger system, selecting in-
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teractions with a high probability of having an
electron track in CLAS. The data recorded for
each event is composed of the times (114 ns sam-
ples) and amplitudes (10 bits) of all TPC pad
signals above threshold for a time period extend-
ing from 1.7 us before to 9.7 us after a trigger.
This interval is about 1.5 times the maximum
drift time in the RTPC.

In order to verify synchronization between the
ALTRO and CLAS data acquisition systems, spe-
cial triggers were sent simultaneously to both sys-
tems about once each second. These triggers were
flagged by a logic signal presented to both sys-
tems in time with the trigger. Recording such a
flag is a standard function of the Trigger Interface
modules used by CLAS. For the ALTRO system,
the logic pulse was electronically modified so that
it could be injected as analog data directly into
one of the unused ALTRO channels. By verifying
that both systems reported the flag pulses in the
same events it is possible to guarantee that they
were operating synchronously.

6. Operation of the Detector

6.1. Running Conditions
6.1.1. Gas

The gas chosen for operating the detector is a
mixture of high-purity helium and dimethylether
(DME), mixed in the ratio 4:1 by volume. Using
helium as the primary component provides a low-
density medium, required for minimizing the en-
ergy loss of the slow protons. The He/DME mix-
ture provides stable performance and sufficient
gain in the GEMs at a relatively low bias voltage
(as compared to ArCOs, for example). It also
exhibits an acceptable Lorentz angle, from 34°
to 38° in the electric and magnetic fields present
in this detector. To further reduce energy lost
by the particles, the volume between the target
straw and the entrance window of the RTPC was
continuously flushed with helium.

6.1.2. Gain Settings

Optimal measurement of the ionization energy
loss of the spectator protons requires the high-
est possible gain (maximum signal to noise ra-
tio) that maintains the largest signals below that
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amplitude at which electronic nonlinearities be-
gin to occur. The most heavily-ionizing parti-
cles present in the experiment in significant num-
ber are the spectator protons. Tests had shown
that the interaction between the receiver circuit
and the PASA inputs leads to nonlinear response
when the digitized signals exceed 50% of full-
scale in the ALTRO digitizers. To determine
the optimal high-voltage setpoints in the RTPC,
runs were taken covering a range of bias voltages
with the high-energy electron beam striking the
deuterium-filled target. The highest setting at
which fewer than 1% of the charge samples ex-
ceeded 512 ADC units was noted and used for
production running.

Various calibration runs were needed in which
the particles to be tracked in the RTPC were less
heavily ionizing. The bias setting for these runs
was determined using similar criteria when the
target cell was filled with hydrogen. Thus the
gain was set for maximum non-saturated signals
from elastically scattered protons.

For all runs, the magnitude of the (negative)
cathode power supply voltage was maintained
1500 V higher than the GEM supply voltage,
establishing the field in the drift region of the
RTPC. The fields produced by this setting pro-
vided a sufficiently short clearing time in the
drift region without making the cathode volt-
age so high that breakdowns would occur. Ta-
ble 2 summarizes the resulting voltages applied
to all elements of the detector during the ex-
periment. Note that the presence of filter and
current-limiting resistors causes the GEM and
cathode voltages to be lower than the supply volt-
ages.

6.1.3. Electronic Threshold and Data
Compression

The ALTRO system provides extensive data-
compression capabilities. Channels with signals
never exceeding a threshold determined just prior
to each event are completely suppressed during
data transfer. With the detector configured for
tracking spectator protons, this typically elimi-
nated the readout of about 99% of the channels.
Further compaction of the data was achieved by
suppressing the readout of samples that remained
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Table 2

Supply Settings and Electrode Voltages in the
RTPC during operation of the experiment. The
suffixes on the GEM labels refer to the inner (i)
and outer (o) surfaces of the GEMs. All volt-
ages are of negative polarity and are referenced

to ground.

Detector Heavily Minimum

Element Tonizing Tonizing
Tracks Tracks

Left Right Left Right

Half Half Half Half
HVPS-C 4550 4350 4950 4750
HVPS-G 3050 2850 3450 3250
Window 0 0 0 0
Cathode 4532 4329 4931 4729
GEM-1i 2869 2656 3242 3026
GEM-10 2579 2374 2915 2705
GEM-2i 2087 1918 2359 2185
GEM-20 1798 1642 2031 1871
GEM-3i 1143 1040 1292 1185
GEM-30 845 764 955 871
Padboard 0 0 0 0

within 5 counts of each channel’s moving average
baseline. Although the readout of a single channel
represents 100 samples taken by a 10-bit ADC, af-
ter all compression the typical BoNuS event con-
tained only about 1000 bytes of ALTRO data.

6.2. Analysis and Detector Calibration
6.2.1. Tracking

Using even a very basic drift-velocity calibra-
tion tracks are readily apparant in the detec-
tor. Fig. 13 shows various views of one typical
event with a spectator proton originating near the
downstream end of the BoNuS RTPC. The high
density of hits along the tracks make even simple
pattern-recognition algorithms efficient at finding
tracks. The method used links hits together if
they are pairwise near one-another in space. A
helix, constrained to pass through the beamline,
is fitted to the group of chosen points. The line
tangent to the helix as it crosses the beamline is
taken as the initial direction vector for the track.
The particle’s momentum and charge can be cal-



16

culated from the track curvature, polar angle, and
the magnetic field. These results may be used as
the starting point for a more refined fitting proce-
dure which accounts for energy loss and the non-
uniform magnetic field. In combination with the
measured momentum, energy-loss (dE/dz) mea-
surements derived from the signal pulse heights
can be used to provide particle identification.

Figure 13. Online Display of RTPC Data rep-
resenting a Spectator Proton. Individual charge
clusters are displayed as boxes, centered at the
point of origin of each cluster. The box size rep-
resents the measured pulse height. When view-
ing along the beam line (top-left), one can see
the track curvature. The polar emission angle
is apparent in the side view (top-right), and the
perspective views (bottom).

6.2.2. Drift Velocity Calibration

To make use of the data from any TPC it is
necessary to know the trajectories of ionization
electrons as they drift from through the gas to
the GEMs and to the readout electrodes. Given
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that the electric field in a radial TPC is not con-
stant, and that the magnetic field in the BoNuS
RTPC is both varying and almost orthogonal to
the electric field, the drift velocity calculation for
this experiment is not straightforward to solve
analytically. The approach we have taken is to
use the program MAGBOLTZ[31] to generate ap-
proximations to the electron paths.

Using a parametrization of the electric and
magnetic fields, and the approximate composition
of the gas, MAGBOLTZ predicted the path taken
by electrons that terminate at the center of each
pad. These results were used to create a func-
tion that converts an observed signal into a space
point P:

Pmyz = Pmyz (Ia Tsig; Vcathodea VGEM7 Rgas)a

where I is the pad number and Ty;, is the time
(in ALTRO units) at which a signal was recorded.
The parameters V.qthode and Vg g represent the
RTPC operating voltages, and the fraction of he-
lium in the gas mixture is given by Rg.s. Ide-
aly, the drift paths determined this way would
be final. However, the high magnetic field and
the imperfect knowledge of the gas mixture led
us to include the three parameters and determine
effective values for them that provided the best
agreement with the data.

Limited resources and schedule contstraints did
not allow inclusion of a calibration-track gener-
ator (laser or charge-injection system), so the
tracking calibration was performed using physics
data. Particle tracks measured by CLAS were
projected back through the RTPC. Hits in the
RTPC were associated with those tracks using
the approximate drift-path parameterization. Fi-
nally, the function minimization package MI-
NUIT was used to find values for the drift-path
parameters that yielded the best overall agree-
ment between the reconstructed RTPC hit po-
sitions and the tracks reconstructed by CLAS.
Fig. 14 shows a representative result of this pro-
cedure: .

This fitting procedure could only be applied
to those special calibration runs taken with the
RTPC gain set unusually high so that it was sen-
sitive to minimum-ionizing particles. The larger
fraction of the data was taken with the gain
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Figure 14. Drift Path Calibration. Each entry
in the scatter plot indicates the radial coordinate
(R) and ALTRO-time (¢) of a hit in the RTPC,
where the radius is given by the point where the
CLAS track intersects the Z — plane containing
the readout pad on which the signal occured. The
heavy dashed line indicates the final parametriza-
tion of the function R(t).

set about ten times lower so that only heavily-
ionizing tracks could be reconstructed in the
RTPC. However, even at this low gain setting,
minimum-ionizing particles occasionally deposit
detectable clusters of charge. By searching for
RTPC hits along the trajectories of such parti-
cles it was possible to to obtain assurance that
the fitted drift paths are consistent with the ob-
served hit locations, even though the hits are too
sparse to allow an independent determination of
the drift paths.

6.2.3. Gain Calibration

The entire electronics chain was bench-tested
prior to installation. No channels were found
whose response to a test pulse was more than a
few percent away from the mean response. As the
tracking analysis matured, however, it became
apparent that the effective detector gain var-
ied significantly across the surface of the RTPC.
Therefore it was necessary to develop a procedure
for determining the relative responses of all 3200
pads before useful dE/dx information could be
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extracted from the data.

A self-calibration was performed using heavily-
ionizing tracks obtained from the RTPC data
alone. Making use of the electron drift paths
determined earlier, each track’s momentum was
determined. The momentum was used in the
Bethe-Bloch formula to find the average dE/dx
expected for a proton along each segment of the
track. Again using the drift paths, the amount
of energy-loss whose ionization electrons should
have drifted onto each readout pad (E;;) was
calculated. For each track (i) and pad (j), the
following mean response ratio was computed

N

Gl; = Z(Qi,j/Ei,j)/N,

i=1

where the sums over ¢ for each pad run over only
those track segments that were predicted to pro-
duce a signal in pad j. @Q;; is time-integrated
pulse-height measured on the pad for the given
track. Although not all of the tracks were created
by protons, this mis-assignment causes an error
only in the overall scale of the gain estimate, as
the mixture of particle species throughout the
RTPC appears to be reasonably uniform. These
first-pass gain-normalization factors, G'1;, were
used to scale the raw pulse-heights and the same
calculation was performed again but excluding
tracks whose measured dE/dz was inconsistent
with that expected for protons. These second-
pass gain- normalization factors (which are only
slightly different than the G1;) are retained and
used for the final physics analysis particle identi-
fication.

The relative gains are shown in Fig. 15,
where the darkness of each element indicates
the response of the corresponding pad. Non-
functioning channels (failed wiring or amplifier,
etc.) are indicated by white. Some regional vari-
ations in triple-GEM gain can be seen, such as
the dark diagonal band near the center of row 70,
and the forward portion of the left-hand module
(bottom half of the figure). The diagnoal band
is probably the result of a wrinkle remaining in
one of the GEMs, while the broader variation in
the left module probably was caused by nonuni-
formity of the GEM itself.
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Figure 15. Relative gains determined for each
pad across the surface of the RTPC. Each box
represents one pad. The horizontal axis is the
pad column number along the RTPC length (2),
and the vertical axis is the pad row number (&
coordinate). Darker grey cells have higher gain,
while white cells were not functioning. In this
representation, the greyscale is logarithmic from
0.6 to 6.0, a range which covers about 95% of the
measured gains.

7. Performance

The performance of the BONUS RTPC is sum-
marized in the figures below. Differences between
the event vertices determined by the RTPC and,
independently, by the CLAS detectors is shown in
Fig. 16. Only very loose track-quality cuts were
applied in generating this distribution. Agree-
ment between the two tracking systems is seen to
be good. The resulting Z,e. e, difference distri-
bution has a width of about 5mm, consistent with
the resolution provided by CLAS alone.

Scattering angle differences measured by com-
paring elastically scattered electrons that were
tracked in both the RTPC and in CLAS are
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Figure 16. Difference between the Positions of
Interaction Vertices measured by the RTPC and
by the CLAS. The curve shows a two-Gaussian
fit to the data. The width of the narrow peak is
o =5mm.

shown in Fig. 17. These electrons probe the most
forward portions of the RTPC acceptance. The
same comparison for elastic protons tracked by
the RTPC is shown in Fig. 18, where in this case
the CLAS prediction for the proton scattering an-
gle comes not from direct measurement of the pro-
ton, but from measurement of the electron and a
calculation which assumes that the ep scatter was
elastic. Elastically scattered protons that are vis-
ible in the RTPC are scattered at 80° to 90°. The
widths of both distributions are consistent with
the resolution expected of the RTPC given its ge-
ometry and readout electrode dimensions.

Given the RTPC’s small size and some-
what course space-point resolution ( op =
0.53mm,o04 = 0.025,07 = 1.2mm), the track
momentum determined from curvature in the
magnetic field is not expected to be meaningful
above about 200 MeV/c. Elastically scattered
protons in our data sample all have momenta
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Figure 17. Difference between measurements of
the electron scattering angle by CLAS and by the
BoNuS RTPC.

above this limit and provide no measure of the
RTPC’s momentum resolution for the relatively
slow spectator protons of interest. Evidence that
the measured momenta are useful is provided by
the following two analyses, however.

The mass spectrum of the recoiling object in
quasielastic ed — e’ Xps events computed both
with and without using the measured spectator
proton momentum is shown in Fig. 19. One ex-
pects to see peaks for the ground-state neutron
as well as neutron resonances. The figure shows a
significant improvement in the recoil mass resolu-
tion when the spectator proton momentum mea-
sured by the RTPC is included in the calculation.

The second momentum analysis also demon-
strates the energy-loss (dE/dz) sensitivity of the
detetor. Data was taken while the target was
filled with * He gas. Fig. 20 shows the correlation
between observed ionization densities and mea-
sured track momenta for these events. Two bands
are clearly seen. The lower narrow band is consis-
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Figure 18. Difference between the measured and
predicted proton scattering angle in ep elastic
events (see text).

tent with tracks left by protons, while the more
diffuse band corresponds to *H and 3He tracks.
The curve superposed on this scatter-plot indi-
cates the mean energy-loss vs. track momentum
predicted by the Bethe-Bloch formula for protons
in 80/20 He/DME.

8. Summary

A radial time projection chamber using a triple-
GEM gain stage was successfully developed and
was operated for two months during the run of
a nuclear physics experiment. The GEMs are
curved to conform to the cylindrical shape of
the outer surface of the TPC. Fabrication of the
curved GEM structures required careful assem-
bly, but, as predicted, there were no fundamental
difficulties associated with operating GEMs in a
non-planar configuration.

Data resulting from the experiment is presently
being analyzed to provide new information about
the structure of neutrons, closer to what has
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Figure 19. Recoil Mass Spectra for Quasielastic
ed — €' Xps Events. The grey histogram shows
the mass distribution computed when the spec-
tator proton momentum vector measured in the
RTPC is included in the calculation. The black
line indicates the spectrum obtained when the
spectator proton momentum is ignored.

been learned about protons in previous scatter-
ing experiments. RTPC data in particular are
yielding to careful analysis and calibration, and
indicate that the fundamental cylindrical GEM
RTPC technique is quite useful and robust.
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