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I.

INTRODUCTION

This document is a request for full approval, i.e. removal of the conditional status, of Hall A Experiment C1215-006, Tagged Deep Inelastic Scattering (TDIS). Jefferson Lab Program Advisory Committee (PAC) 43 approved
this experiment with an A- scientific rating and a C1 conditional status. It is the latter that this document seeks to
address. Before doing so, however, we would like to note that this was a pioneering proposal and, since that time,
the physics interest in both the proposed technique (tagging for meson structure via the Sullivan process) and the
science goals (meson structure functions and parton distribution functions) has increased substantially. This is most
notable in the expansion of the idea to tagged structure functions at the proposed Electron-Ion Collider (EIC) and
the increased interest in the role of pion and meson structure in topics such as mass generation as discussed by the
lattice and Dyson-Schwinger theory communities. A rungroup proposal to measure kaon TDIS (C12-15-006A) was
also approved at PAC 45, and two additional run group proposals are under consideration. We note, lastly, that the
novel technology proposed here for streaming readout also represents a timely advancement, providing some basis for
similar extensions to the Hall A SoLID experiment as well as to the EIC.
To address all of the above, advancement of this challenging experiment must continue. The collaboration would
like to submit a proposal to the National Science Foundation for detector development support early this coming
January 2019. An initial attempt at this - while very encouraging - made it clear that the ”conditional” status was a
stumbling block to the reviewers. Most importantly to our present request, however, is the collaborations’ confidence
that we now have a conceptual design that addresses adequately the concerns raised by the PAC.
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PAC 43 presented the following Issues (full quotation): While the committee is excited about the physics possibilities
of this experiment and impressed by the boldness of the proposal, the PAC is concerned about the technical risk inherent
in running the RTPC at cryogenic temperatures and the costs of the high channel count necessary to overcome the
high occupancies necessary to achieve the luminosity goals. The interpretation of the data must assume a dominant
contribution from the Sullivan process; moreover, as such data are related to a product of the desired pion structure
function and the pion flux, their interpretation has to rely on models for the pion content of the nucleon. While
this might not affect the determination of the functional shape of the pion structure function, it might affect its
normalization. Such an issue has to be carefully addressed.
The final recommendation was (also full quotation): We recommend that the collaboration seriously consider the
tradeoffs in physics reach vs. reliability inherent in the cryogenic design and that the laboratory convene a rigorous
technical review of the resulting optimized design before going forward with construction of this experiment. Following
the PACs direction, we have improved the detector and target concept such that it operates fully at room temperature
and no longer requires cryogenics. It is, moreover, our assumption that a rigorous technical review of the experiment’s
design will certainly take place prior to construction as a requisite part of the Jefferson Lab Physics Division’s
Experimental Readiness Review process. The purpose of this document, then, is not to directly address the PAC
recommendations which are either (a) completed given the removal of cryogenics altogether, or (b) will already be a
part of the ERR process, but rather to request removal of the ”conditional” status associated with them.
Assuming that the recommendations are thereby addressed, we here focus on the above PAC Issues in the following
sections, first describing the rate estimates driving our (improved) tagging detector and data acquisition design, then
discussing the target and tagging detector conceptual design status, moving to the proposed high rate data acquisition
design, and finally ending with a brief theoretical update that addresses the pion flux concern. We stress that this is
not a document for review of the full experiment, which we realize will come with the ERR process, but rather we aim
to specifically address the PAC Issues and provide convincing evidence that this experiment is technically feasible at
the PAC proposal level.

II.

RATE ESTIMATIONS

We present here first an overview of our rate estimations, as these largely determine the detector and experiment
design. The trigger for the experiment will be the detection of an electron in the Super BigBite Spectrometer
(SBS) with added calorimeter and Cherenkov counters for particle identification. Simulations of the trigger rate give
estimates of 6 kHz in the SBS, estimated from well-known inclusive electron scattering at somewhat small angle. The
multiple Time Projection Chamber (mTPC, discussed below in some detail) will then be read out for the identification
of one (or two) low momentum proton(s) in coincidence, tagging the Sullivan Process electron scattering from a meson
target. On each trigger, the pulse timing in the mTPC readout will be measured over a readout period of 1.5 µs,
sufficent to record the maximum drift times in each of the TPC sub-chambers.
Simulations of the scattering from the target into the mTPC volume give an estimate of 1000 MHz of protons
entering the entire active volume of the mTPC, and so there would be about 100 MHz of protons in each of the ten
sub-chambers of the mTPC. Therefore, in each 1.5 µs readout period, there will be an average of 150 proton tracks
in each sub-chamber. Using a pad segmentation of about 2500 pads in each readout plane, each track will span an
average of 20 pads. Therefore, for each trigger, we expect about 3000 pad-hits in each sub-chamber, for an average
hit rate per 5 × 5 mm2 pad of about 0.8 MHz. In these simulations, a uniform pad size was used, resulting in a larger
rate on the innermost ring of pads; the rate per pad in that ring is 1 MHz. We intend to actually vary the pad sizes
using smaller pads at the smaller mTPC radii closer to the target where the rate is highest and possibly increase the
pad size at the outer radii where the rate is lower. We conservatively utilize constant pad size, and the corresponding
higher rates (≈ 1 MHz per pad) for data acquisition design.
The duration of the pulse measured by each pad will depend on the drift time variation of the elements along the
track. As an illustration, consider a track at an angle of 45 degrees with respect to the beamline: as the track passes
over a 5 mm wide volume element, it will travel 5 mm along the beamline direction, shortening the drift distance.
The drift time would then vary by 150 ns (assuming a drift time of 1.5 µs for 5 cm) from one side of the pad to the
other. There will be additional pulse shaping time in the electronics, so we have assumed a minimum double pulse
resolving time of about 200 ns.
With the rates and resolving time, we can calculate the single-hit, multi-hit, and pileup probabilities. Averaging
over the entire chamber, 36% of the pads will have one hit within the readout window, and 33% will have two or
more, for a total occupancy of 69%. Of the hit pads, about 15% would have two hits within the unresolvable 200 ns.
However, we expect that this should not be a serious problem in track reconstruction, as it will only effect about
three out of twenty pad hits along a given track. On the inner ring and using the same size pads throughout the
chamber (again, conservative), the occupancy would be higher, at 77%, with about 18% of the hits having a pulse
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within 200 ns.
We anticipate using 50-ns time bins and a pulse digitization precision of 10 bits. With a pulse shaping time of
160 ns, 10 time samples should fully contain each pulse. Using the electron trigger rate of 6 kHz and an average of
1.2 hits per pad in each readout window (1.5 µs), we would get a total of 1.8 × 108 hits per second over the 25000
pads of the full chamber. With 120 bits data per hit the total data rate off the chamber is 21.6 Gb/s. Pulse fitting
in the data concentrating FPGAs extracts a pulse time and integral for each hit, further reducing the data size. The
resulting 7.2 Gb/s data is sourced from about 8 PCs and can be easily handled over commodity networks. Further
data compaction could occur at a higher data transport and compute level through matching mTPC chambers with
the electron vertex, and through track finding.

III.

MULTIPLE TIME PROJECTION CHAMBER (MTPC) CONCEPT

Low energy electron track

GEM based readout units

Target

Double sided cathode planes

FIG. 1. The cross-sectional view (left) and the end view (right) of the proposed mTPC device configuration from the GEANT4 simulation model of the experiment. The simulated protons tracks, originating in the target and curving in the strong
longitudinal magnetic field, are shown in red. When the proton travels through the Helium gas filling the detector volume, it
loses energy ionizing gas atoms along the way, the blue dots show the ionization clusters. The red disks represent the GEM
based readout assemblies, where the readout is maintained at ground voltage. The gray disks indicate thin cathode foil planes
maintained at negative high voltage; the voltage gradients the between cathodes and the readouts generate the drift electric
fields, parallel or anti-parallel to the magnetic field, in the TPC units. The inner and outer cylindrical walls will contain
thin gold printed circuit traces (not shown in the figure) which will form the sides of the drift field cage to ensure uniform
longitudinal electric field throughout each TPC volume.

The proposed mTPC device will be located in the bore of a superconducting solenoid magnet, with a 40 cm warm
bore, a total length of 152.7 cm, and a 4.7 T magnetic field in the center of the magnet. This magnet belongs to the
UVa group, and has already been moved to Jefferson Lab in preparation for the TDIS program.
The detection of low energy proton tracks in the TDIS experiment is complicated by the large intensity of the
secondary electrons, photons, pions and other particles produced in the interaction of the electron beam with the
target. Extensive Monte-Carlo simulation work carried out by the TDIS collaboration within the GEANT4 simulation
framework has indicated that the background rates at the TPC detector location will be as high as 1,000 MHz; this is
significantly higher than the rates handled in similar size TPCs before. Therefore, the success of the TDIS program
relies on the development of a precision detector that can operate under extremely high background conditions. Much
of the development effort in the proposed project is aimed at realizing a time projection device that is capable of
operating under these harsh high rate conditions. Some of the features proposed to meet this high rate challenge are:
• the use of a composite TPC device consisting of multiple TPC modules instead of a single TPC detector. Each
TPC unit of the composite mTPC will be be exposed to a fraction of the background rate, while a single TPC would
have to deal with the full rate.
• to keep the drift electric field parallel to the solenoidal magnetic field, as opposed to the perpendicular field
configuration used in a radial TPC. The longitudinal electron drift parallel to magnetic field minimizes the Lorentz
force on drift electrons leading to significantly simplified track reconstruction and reduced drift times.
• a strong solenoidal magnetic field to confine most of the background δ-electrons created in the target so that they
do not enter the TPC ionization region.
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The modular mTPC design utilizing a magnetic field parallel to the electron drift allows the maximum drift distances
to be around 5 cm, leading to maximum drift times of the order of 1.5 µs. This is a major reduction in drift time,
down by about a factor of 20-40, compared to a radial TPC of a similar size as originally proposed. This reduced drift
time directly translates into a reduction in the number of background tracks recorded by the detector and greatly
simplifies the TDIS experiment.
Module coupling loca7ons

GEM based readout units

GEM holding frames

Target
Double sided cathode planes

Readout pad plane

GEM foils

FIG. 2. Left:The CAD design for the mTPC. The inner cylindrical wall, made of a 2 µm Kapton foil with gold circuit traces,
is not shown for clarity. The mTPC will be constructed as 10 separate TPC volumes which will be assembled together to form
the TPC. The outer cylindrical wall, made of a rigid fiberglass materiel, and the front and back end-caps (not shown) will
form the pressure vessel of the mTPC. Right: The expanded view of the CAD design for a single amplification-readout unit
of the mTPC. The four double sided readout structures of the mTPC will be made of two assemblies as this, connected back
to back. The GEM holding frames will be machined out of Permaglas ME-730 material from Resarm corporation in Belgium.
The readout board will be a 50 µm Kapton foil with copper readout pads on one side and connecting traces on the opposite
side.

The configuration of the mTPC, as modeled in the Geant-4 simulation, is shown in Fig. 1. The mTPC will consist
of 10 cylindrical TPC units. The entire detector will be 55 cm long with an annulus of inner radius of 5 cm and an
outer radius of 15 cm. The gas mixture inside the detector will be maintained at atmospheric pressure and room
temperature. The electrons liberated in the ionization by a proton track drift against the electric field lines towards
the readout detector disks. The amplification and detection of the drifting electrons will be achieved by Gas Electron
Multiplier (GEM) foil based readout disks.
The (GEM) technology, which was invented by F. Sauli [1] at CERN in 1997, has been widely used as the electron
amplification stage for TPCs. A single GEM layer consists of a 50 µm thick poly-amide foil coated on both sides
with a 5 µm copper layer and punctured with 70 µm holes. The distance between these holes is about 140 µm. By
applying a voltage in the range of 200 V to 300 V across the two copper layers a very high electric field is formed
inside the holes. The GEM action is based on gas avalanche multiplication of electrons entering this strong electric
field within GEM holes. Most the created electrons are guided forward by the drift field between GEM foils while
most of the created positive ions are captured by the copper surface on the back of the GEM foil. Several GEM foils
(amplification stages) can be cascaded to achieve high gain and stability in operation.
We have developed a detailed CAD model for the mTPC; a 3D rendition of the mTPC within this model is shown
in Fig 2. The mTPC will be constructed as 10 separate TPC volumes which will be assembled together to form
the mTPC. The connecting of the modules will done using O-ring sealed flanges to ensure gas tightness. While we
are developing simulations to verify, we are not greatly concerned about radiation damage to the O-rings in this
environment. TDIS employs a thin gas target and will have low radiation levels as compared to a conventional Hall
A experiment.
The outer cylinder, made of a rigid fiberglass materiel, and the front and back end-caps will form the outer body
of the mTPC. The four readout disks in the middle region of the mTPC will be double sided structures while the
two end disks will be single sided. As shown in Fig 2-Right, a readout facing a TPC drift volume consists of two
GEM layers, each mounted on a 2 mm thick holding frame, followed by a readout surface containing conducting pads
connected to readout electronics through traces on the back of the readout and then through a flex circuit strip. Each
readout pad will have an area of 5 x 5 mm2 separated by gaps of 100 µm, yielding approximately 2500 pads per
readout. This arrangement gives position resolution of approximately 1.5 mm. The resolution may be improved in
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regions with reduced pad size, as discussed above.
mTPC gas mixture selection: There are a few important factors we need to consider when selecting the TPC gas
for our detector.
• The material thickness in the target and the mTPC volume has to be minimized to prevent energy loss of the
protons and to reduce the rate of secondary background production.
• The atomic number (Z) of the drift gas atoms has to be minimized to reduce the rate of secondary background
production, especially through photo production and Compton process due to low energy photon background.
• The drift time has to be kept low, ideally below 2 µs to keep the background track numbers at manageable levels.
The need for low thickness and low Z makes Helium the clear choice as the drift gas and methane (CH4 ) as the
quencher gas. A study of GEM operation with He-based mixtures has been demonstrated in the reference [2]. We
used a detailed simulation with Garfield++ used as an interface to Magboltz to study the properties of gas mixtures
under the proposed conditions of the mTPC. Sample results from this study are shown in Fig 3.

FIG. 3. Sample results from the Garfield+ + /Magboltz gas drift properties simulation for the proposed setup. The simulation
was performed at the proposed experimental conditions of 4.7 T longitudinal magnetic field and 1 atm pressure and a temperature of 293.15 K. Left panel: electron drift velocities for a few low density gas mixtures. (right) The arrival time distribution
for an ionization cluster created at the maximum allowable drift distance of 5 cm (i.e. the longest possible drift time), for a
70-30 He-CH4 mixture operating with a drift electric field of 1.2 kV/cm.

The transverse diffusion coefficient for
mentioned here and displayed in Fig 3, under the proposed
√ the gas mixtures
√
conditions, ranges from around
0.015
cm
to
0.03
cm,
while
the longitudinal diffusion coefficient for these mixtures
√
√
are in the range of 0.015 cm to 0.028 cm. Given the relatively short drift distance of at most 5 cm, the electron
cluster broadening due to these diffusion spreads is well within the resolution needs of the proposed device. The final
time resolution achievable with a 70-30 He-CH4 gas mixture, for example, is shown on the right side of Fig 3. The
time broadening, calculated by the Garfield+ + /Magboltz setup, includes contributions from diffusion effects as well
as angular effects. The resulting time resolution of ∼0.7% (in this case, a sigma of 0.0115 µs out of a drift time of
1.55 µs) is sufficient to meet the TDIS program requirements.
Ion flowback consideration: The flowback of positive ions into the drift volume, which causes electric field distortions leading to increased tracking uncertainties, is an important consideration in the TPC design. From this point
of view, GEM is an ideal electron amplifier for a TPC because most of the positive ions created in the gas avalanche
are collected on the conducting surface of the GEM and are removed from the detector, minimizing the ion flowback
issues. However, even with a GEM readout, a small fraction of positive ions can flow back into the drift volume
causing problems. Recently, the ALICE TPC upgrade collaboration studied the ion flowback issues in GEM readouts
and showed that with a triple GEM stack the flowback level could be reduced to about 2.5% , while a carefully
optimized four GEM stack could lower this number to be around 1% [3]. For the proposed mTPC, we are proposing
to use double GEM stacks for electron amplification. Our preliminary measurements have indicated the best case
ion flowback rate for a double GEM stack will be around 5%. While this is a relatively high number, the low drift
distance of the proposed mTPC makes this level of ion feedback acceptable. In fact, the effects on the final track
resolution due to ion flowback goes down as the square of the drift distance; a short drift distance cuts down the time
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the positive ions spend drifting in the TPC volume, while the electric field distortions due to space charge in the drift
volume lead to a multiplicative uncertainty factor that affects the electron drift distances.
The calculations show that for the proposed setup operating at a rate of 100 MHz charged particle tracks per
module, with a GEM gain factor of 2000 and an ion flowback level of 5%, the electric field distortions will be at the
1% level, which is more than adequate to achieve the required track resolution. As part of the development effort
related the proposed project, results from Geant4 and Garfield++ simulation tools for the charge flowback related
issues will be checked and optimized with the prototype detector.
mTPC momentum resolution and efficiency: The proposed modular design allows the mTPC to handle high

FIG. 4. Left: The simulated momentum resolution for 100 MeV/c protons in the mTPC. Right: Efficiency profiles for proton
track of three sample momenta. Efficiency is defined as the ratio of the number of tracks yielding a momentum resolution
better than 10% to the total number of tracks generated in the target with the corresponding momentum.

background rates. This high rate capability comes at the cost of reduced efficiency and reduced momentum resolution
due to the presence of readout disks in the middle of the active area. These disks affect the momentum resolution
by reducing the track lengths in the drift volume; any track with a momentum uncertainty of over 10% is rejected
leading to decreased efficiency. However, detailed Geant4 simulations of the proposed mTPC show that it will
have an efficiency in the range of 50% to 70% for detecting proton tracks with momenta in the range of 50 MeV/c to
300 MeV/c with a transverse momentum resolution of 10% or better. For tracks in the momentum range of 300 MeV/c
to 400 MeV/c, this efficiency is higher than 20%. These available inefficiencies are sufficient to meet the physics goals
of the TDIS program. The efficiency profiles for a few momentum settings are shown in Fig. 4-right , while a sample
momentum resolution plot is shown in Fig. 4-left. Path length distributions for proton tracks in the TPC volume for
two sample proton momenta are given in Fig. 5. These path lengths depend on proton momentum dependent factors
such as absorption in the drift gas, absorption in the readout structures, and curving in the magnetic field, as well as
the geometry of the track. All these factors have been carefully modeled in the Geant4 simulation.
mTPC Calibration: The mTPC efficiency profile calibration requires careful consideration.
Some initial calibration can be done by using the copious proton tracks from elastic electron-proton scattering. At
production luminosity there will be several accidental elastic proton tracks distributed evenly along the target for
every e − p DIS event. These protons are well separated from the protons of interest because, to be at the same
momentum but generated by elastic events, they are necessarily kinematically directed almost perpendicular to the
beam.
It will be particularly productive to use quasi-elastic electron scattering from the deuteron for the mTPC calibration.
The energy and direction of the recoil proton may be determined in a quasi-elastic reaction using a scattered electron
in the SBS in combination with a neutron measured with the (relocated) SBS Hadron Calorimeter (HCAL). This
movable HCAL detector will be placed on the beam right (opposite side from SBS) at optimum kinematics to record
neutrons for this calibration measurement. Using this method we can predict the distribution of protons of energy, for
instance 5-27 MeV (or momentum 100-225 MeV/c), in the directions required for the mTPC calibration. A comparison
between the measured proton spectra and the proton distributions expected in the mTPC from quasi-elastic neutrons
in HCAL will provide a check on the mTPC proton acceptance and efficiency corrections.
The proposed calibration will be performed at an electron-nucleon luminosity of 0.3 × 1036 Hz/cm2 with an electron
beam energy 4.4 GeV and SBS angle at the same angle of 12 degrees as during the production TDIS run. The
projected rate of electron-neutron quasi-elastic events in SBS is around 1000 Hz. The average neutron momentum
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FIG. 5. Two sample path length distributions for protons in the mTPC. Left: path length distribution for 70 MeV/c protons.
The very short path lengths, down to 0, correspond to the absorption of these low momentum protons in the drift gas and and
in the readout structures. The very low path length tracks (shown in black) yielding worse than 10% momentum resolution
are removed from the efficiency calculation. The large number of tracks reaching long path lengths around 170 mm are due to
the strong curving of these low energy protons in the magnetic field. Right: path length distribution for 250 MeV/c protons.
The sharp peak around 100 mm corresponds to many of these relatively high momentum protons making it all the way from
the inner boundary of the mTPC at 50 mm radius to the outer cylindrical surface at 150 mm.

will be 970 MeV/c. Using HCAL located at a distance of 15 meters (60 degrees relative to the beam direction) we
have calculated that the coincidence e − n rate will be approximately 70-80 Hz. Neutron momentum will be within
a cone with an average angle relatively the beam of 60◦ an opening of ±4◦ . At such a low luminosity the spectator
protons will be easy to identify and use for mTPC calibration. One day of such a measurement provides more than
6 million tagged proton events which would allow detailed study of mTPC.

IV.
A.

TARGET

Mass Budget and Proton Detection Probability in mTPC

For determination of the experiment-critical proton low momentum detection threshold, which is dependent on the
amount of material in the proton path, we have modeled the target and the mTPC with Geant4.

FIG. 6. Momentum threshold for proton detection probability ≥ 70%, as a function of the total thickness to be crossed by
a straight proton at θp = 90 deg. The marker color and shape indicate the target pressure considered, and the target wall
thickness is indicated above each group of points.
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We have considered for this model a deuterium gas target at a temperature of 293 o K, and a pressure variable from
1 to 7 atmospheres. The target cell wall will be made of Kapton, and we considered for this a variable thickness from
20 to 60 µm. The mTPC inner wall is a layer of Kapton 12 µm thick, and the mTPC active gas has been considered
to be a 90% 4 He/10% CH4 mix, at a temperature of 293 ◦ K and a pressure of 1 to 7 atm. The gas between the target
and the mTPC inner wall is % 4 He at 293◦ K and 1 atm. Finally, to the Geant4 geometry is superimposed a TOSCA
magnetic field map from the solenoid in which the mTPC will be included. As indicated, this simulation considers
the experimental setup at room temperature.
Within this setup, we have generated low momentum protons with momentum pp from 50 MeV/c up to 200 MeV/c,
over 4π solid angle, and uniform in momentum, cos θp and φp . For all generated events the energy deposited in the
mTPC active gas by the generated protons was recorded. If there was an energy deposit due to the proton anywhere
in the mTPC gas, this proton was considered detected. We then evaluated the proton detection probability (i.e.
the proportion of proton “detected”) as a function of pp . Fig. 6 shows the momentum at which the proton detection
probability becomes higher than 70%, as a function of total material thickness (in g/cm3 , for different target thicknesses
and target pressures).
Our proposed luminosity can be achieved with a target pressure of 4 atm at room temperature. The target wall
is not expected to be thicker than 40 µm, where we note that the Hall B BoNUS experiment in the 6 GeV era
successfully utilized a 7 atm deuterium gas target contained by a 50 µm thick Kapton wall at room temperature. For
the simulated 40 µm thick target wall at 4 atm, the momentum at which the proton detection probability exceeds
70 % is around 73 MeV/c. In the event that we manage to achieve a target constructed with a 20 µm Kapton wall,
this momentum could get as low as 67 MeV/c . These values (≈ 70 MeV/c) are adequate to accomplish the proposed
tagging of the spectator proton for the neutron target in deuterium and the recoil partner proton to the meson in the
Sullivan Process in hydrogen and deuterium.

B.

Design Progress

The proposed target vessel for the TDIS experiment is a 1 cm diameter and 40 cm long Kapton straw. It can be
considered to be a self supporting balloon. The design of this cell has been optimized to fit into the mTPC detector
structure and to use the end-caps of the detectors for support. The target cell inside the mTPC is shown in Fig. 7.
The target cell will be epoxied to the metal tubes with thin windows that are held in place by the end-cap flanges. A
gas inlet on one of the end-cap flanges will be used to fill the target gas into the cell. The target will be held at room
temperature at a pressure of ∼ 4 atm.

FIG. 7. TDIS target cell (not to scale) inside the mTPC detector infrastructure. The Kapton cell (blue tube) is 1 cm in
diameter and 40 cm long.

The wall thickness of the Kapton cell should ideally be 20 µm or less. However, currently commercially available
Kapton tubes of 1 cm in diameter are 80 µm thick (40 µm of Kapton and 20 µm of thermoplastic on each side). We
have built a prototype target cell using these commercially available tubes. The prototype cell was built by attaching
the Kapton tubes to aluminum tubes using epoxy. This prototype was pressure tested up to 120 psi and found to
hold that pressure. We are now attempting to build Kapton tubes with significantly thinner wall thickness. As a
first attempt, we have identified a new vendor (Teknitape) and have procured 12.5 µm thick Kapton sheets which
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have a thin layer of adhesive applied to one side of the sheet. We will attempt to build custom tubes using this
material and pressure test them. We expect to complete these specific tests by the end of this year, and the design
and testing of cells will continue until we have identified a solution that successfully accommodates the proposed
scientific requirements.
V.
A.

DATA ACQUISITION
Readout Electronics

The readout electronics of the mTPC will be based on the SAMPA front end ASIC and readout electronics chain
used in the ALICE TPC high luminosity upgrade at CERN [4]. In the upgrade the ALICE TPC makes use of highrate capable readout chambers based on GEM technology, with data acquired in continuous mode. While we will
have to adapt this readout to the geometric constraints of our mTPC, using this architecture allows us to benefit
from the extensive development work done by ALICE and CERN. The adaption of this system to Jefferson lab DAQ
environment and to the mTPC architecture is proceeding as a part of the ongoing streaming readout development
effort by the Jefferson lab Data Acquisition Group.

FIG. 8. SAMPA block diagram

A block diagram of the SAMPA ASIC is shown in Fig. 8. The chip [5] provides 32 channels, each composed of
an analog front-end part followed by an ADC. A digital processor completes the chip. A Charge Sensitive Amplifier
(CSA), followed by two shapers and a non-inverting stage compose the SAMPA front end. The SAMPA chip has a
two peaking time modes, 160 ns (available in the current ASIC) and 80 ns (under development). While both modes
are acceptable for the TDIS program needs, we are considering the possibility of using the 80 ns mode to improve
high rate capability of the system.
Each of the 32 SAMPA channels includes its own 10-bit successive-approximation (SAR) ADC. The converter can
operate at up to 20 MS/s. After leaving the ADC, the data can follow two alternative paths: be processed by the
DSP or be sent out in direct ADC mode.
To process the data a set of 4 independently selectable and configurable filters are made available in the DSP
section: - Baseline Correction 1 (BC1), an infinite impulse response (IIR) filter to cope with slow baseline variations; Digital Shaper (DS), aimed at tail cancellation; - Baseline Correction 2 (BC2), moving average filter aimed at tracking
and removing fast variations in the baseline; - Baseline Correction 3 (BC3), alternative filter, based on limited slope
baseline tracking, to complement and/or substitute the functions of BC1 and BC2 with a more robust approach.
The DSP section also includes blocks to implement data compression (zero suppression, Huffman coding), presampling (in case of triggered mode operation), buffering, and data formatting. The data can be sent off chip by up
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FIG. 9. ALICE upgrade architecture. FEC - Front End Card. CRU - Common Readout Unit. DCS - Detector Control System.
LTU - Local Trigger Unit. GBTx - Giga-Bit Transceiver. GBT-SCA - Slow Controls Adaptor. VTTx - Versatile link fiber
optic transmitter. VTRx - Versatile link fiber optic transceiver.

to eleven 320 Mb/s serial links (3.52 Gb/s total). The SAMPA chip can operate in both continuous and triggered
modes.
Our model of the SAMPA chip readout path is shown in Fig. 9. A Front End Card (FEC) mounted on the detector
supports multiple SAMPA chips. Data from each SAMPA is streamed out onto serial links. Gigabit Transceivers
(GBTx) with forward error correction multiplex this data onto high speed serial links; these are driven off the board
by fiber optic components (VTTx, VTRx). Data from multiple FECs is collected by the Common Readout Unit
(CRU). A high-performance FPGA on the CRU processes and formats the data. A PC hosts up to 2 PCIe based
CRUs. The PC further processes the data and sends it by standard high speed networks to higher level computing
systems. The CRU also serves as an interface to the trigger and detector control systems. The CRU is situated
off-detector in a shielded area.
The radiation hard Gigabit Transceivers (GBTx) [6] and fiber optic components (VTRx, VTTx) [7] are available
directly from CERN. These components were developed by CERN to support LHC experiments. The CRU [8] can
be purchased from the ALICE group that designed it. A CRU designed by an ATLAS group can be used instead [9].
We are currently assembling a test stand consisting of 5 ALICE FECs and an ATLAS designed CRU. With it we
will determine how to best use the SAMPA DSP options for our application, and gain experience with pulse feature
extraction (time, integral) using the CRU’s FPGA.

B.

Readout Bandwidth and Expected Maximum Rate

Because the experiment is expected to operate at a modest trigger rate of 6 KHz and the input rate of the individual
channels is very high (1 MHz), it is more efficient to run the SAMPA chips in triggered mode rather than continuous
mode. The option to run in continuous mode is still available by programming a different configuration into the
SAMPA chips (no hardware change).
When the SAMPA chip is operated in triggered mode a frame or window of data (ADC samples) is captured and
processed on the arrival of a trigger signal. The ADC samples may be internally delayed by up to 9.6 µs (192 samples
at 20 MHZ sampling) to compensate for the time to generate the trigger (latency). Because of the broadening of the
pulse due to the front end shaping time (160 ns), a frame somewhat larger than the maximum 1.5 µs drift time should
be captured. For purposes of the calculation we use a frame of size 1.8 µs (36 samples). By setting the threshold
below the pedestal all 36 samples of the frame are retained for transmission. The ADC samples are 10 bit precision.
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A trigger generates 430 bits of data in each channel (36 x 10 bits sampling, plus 50 bit header, plus 2 x 10 bit
auxiliary words). At an elevated trigger rate of 20 kHz this corresponds to 8.6 Mb/s per channel. The 32 channel
SAMPA chip generates 275 Mb/s of data. We compare this to the 3.2 GB/s bandwidth of the GBT ASIC that
multiplexes SAMPA data for transmission off the front end card. A single GBT link can easily support 8-10 SAMPA
chips. In this calculation the data rate is independent of the hit rate on the channels. An additional factor of 2
reduction can be obtained if zero suppression is also applied in the SAMPA chip (assuming a 1 MHz hit rate per
channel).
Using 8 SAMPAs per GBT link, the detector requires about 100 links. Each link transports 2.2 Gb/s under these
extended conditions (20 kHz trigger rate, 1.8 µs window, no SAMPA zero suppression). With about 12 links per
CRU (26.4 Gb/s input), 8 CRUs/PCs are required (one CRU per PC). A factor of at least 6 reduction in data by
pulse fitting (3x) and zero suppression (2x) in the FPGA of the CRU yields a data rate of 4.4 Gb/s from the network
card of the PC (assuming the extreme case of 1 MHz on all channels, 20 KHz trigger rate). We do not consider here
any additional data filtering or compression performed by the PC’s processor that would further reduce the network
traffic.
In conclusion, the readout components from which the system is constructed are easily capable of handling the data
rates for the experiment well beyond the expected trigger rates.

VI.

PION FLUX

Lastly, we here briefly address the PAC’s concern that, because the pion structure function data are related to a
product of the desired pion structure function and the pion flux, the interpretation therefore must rely on models
for the pion content of the nucleon. We agree with this statement, but do not find it to be a technical (but rather
theoretical) concern effecting our conditional status. The PAC did also note that, while this might not affect the
determination of the functional shape of the pion structure function, it might affect the normalization. We therefore
underscore that some part of the priority science of this experiment is to check the shape of the pion structure
function at large x, which will not be model dependent. Moreover, it will be possible to vary the assumed pion flux
to match both existing Drell-Yan data [10–12] at somewhat lower x (≈ 0.5) to check the shape at larger x. This may
be done as well with potentially newer Drell-Yan data from the COMPASS experiment, depending on when the latter
will be available. These studies, particularly if it is possible to leverage additional new data sets, are expected to
reduce the pion flux uncertainty for TDIS.
To better estimate the pion flux, our theory collaborators re-evaluated [13, 14] the only other existing TDIS
data, obtained at much higher energies at HERA [15, 16]. They examined the efficacy of pion exchange models to
¯ flavor asymmetry in the proton
simultaneously describe leading neutron electroproduction at HERA and the d-ū
(where, for the latter here again, new data are expected from the SeaQuest experiment in the TDIS timeframe).
These authors have published a detailed χ2 analysis of the ZEUS and H1 cross sections which, when combined
with constraints on the pion flux from Drell-Yan data, allow for regions of applicability of one-pion exchange to be
delineated. Their analysis yields an improved extraction of the pion structure function and its uncertainties at parton
momentum fractions 4 × 10−4 < xπ < 0.05 at a scale of Q2 = 10 GeV2 . Based on these results, pion flux estimates
for the TDIS experiment may be almost a factor of 2 larger than what was assumed at the time of the proposal. The
authors conclude that the TDIS data will provide an important opportunity to bridge the gap between the HERA
data which can constrain the pion PDFs at low xπ and the π-N Drell-Yan data that have been used to determine the
¯ asymmetry, the combined
pion’s valence quark content at large x. Together with the constraints from the E866 d-ū
data sets should pin down the partonic structure of the pion over a significantly extended range of xπ .
We conclude this section by noting that the need to precisely pin down the partonic structure of the pion is
increasingly rapidly being recognized. There have been, for example, a series of recent Electron Ion Collider (EIC)
workshops on the topic, where the community is interested in leveraging the Sullivan Process in a collider environment
to capture TDIS physics over a wide range of kinematics. It is argued that recent experimental and phenomenological
work has firmly established that, under certain achievable kinematic conditions (largely mapping in -t), the Sullivan
process can provide reliable access to meson targets. If this is the case, the science potential to deliver far-reaching
insights into the dynamic generation of mass, the crucial feature of the Standard Model which leads to intriguing
differences between pion, kaon and proton masses, is made possible.

VII.

SUMMARY

Hall A Experiment C12-15-006, Tagged Deep Inelastic Scattering (TDIS), would like to move forward in delivering
a first glimpse into this science potential. The collaboration is confident that we now have a conceptual design that
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addresses adequately the concerns raised by the PAC. The target and detector systems are no longer cryogenic.
The new multiple Time Projection Chamber (mTPC) design significantly reduces many risks associated with the
originally-proposed BoNUS-type radial TPC in the high rate environment. If the most advanced theory calculations
are correct, the signal to noise should also be improved by nearly a factor of two. However, this is unknown and we
have continued to design with event rates as originally proposed. We are addressing the rates with state-of-the-art
data acquisition techniques, which allows TDIS to pioneer streaming readout for future Jefferson Lab experiments
such as SoLID and the EIC. As part of this, we will utilize SAMPA chips for GEM readout, which were developed for
experiments at CERN by new collaborators who have joined the TDIS experiment and bring additional new expertise
to Jefferson Lab.
In summary, assuming the PAC Recommendations to be adequately closed by a combination of the change to a
room temperature design and the necessary, rigorous, ERR review process, we have specifically addressed here the
PAC Issues and provided evidence for each that this experiment is technically feasible at the PAC proposal level.
We therefore request removal of the conditional status, such that we can develop the proposed technology for the
experiment and progress toward a final design and the eventual ERR process.
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