Proposal for the Hall-D Beam Line Pair Spectrometer - Goals,
Technical Description, and Specifications

1) Introduction

The photon beam source for Hall-D will be baseaomerent bremsstrahlung of the CEBAF
12GeV beam with a diamond radiator. The photon bganerated by the interaction with the
diamond radiator will consist of contributions bathincoherent un-polarized bremsstrahlung
photons and partially linearly polarized coheremnbsstrahlung photons. As the angular
divergence of the incoherent component is largen the coherent component, the coherent
component can be enriched by collimation aftergealrift space. It is planned to place the
primary collimator for Hall-D 76m downstream of tdemond radiator which corresponds to
about 30 m in front of the GlueX detector. A tagpspectrometer, referred to as the tagger, will
be built 2m downstream of the radiator and will swea the energy of the electrons which
radiated the photons, the photon energy will thetegnined from energy conservation. The
tagger will be readout for every GlueX trigger amtl be the primary measurement of the
photon energy. Additionally the tagger can be readsing a random bunch crossing in order to
measure the photon energy spectrum of the uncdéidnahoton beam,“f‘co”(E). Cross section
measurements at GlueX will require in addition aasugement of the photon flux as a function
of energy of the beam after the coIIimatop%’,”QE) . In principle the photon spectrum could be
determined by the GlueX detector from the meastrigger rates. However this would require
understanding the acceptance and trigger efficgsnai the 1-2% level. In practice, an additional
instrument will be needed for a precise measuremietihe photon flux incident on the GlueX
target. In addition to the absolute flux measunaimthe linear polarization of the photon beam
also needs measured.

In order to have a precision measurement of theadheristics of the photon beam it is
necessary to base the measurement on a well vodenstocess. It is proposed to use pair
production which is a well understood QED procestha basis for the luminosity measurement
and polarization determination. The pair productooss section betweerR & 12 and 5 GeV is
accurate to 0.XX%. In this document a pair specei@mis proposed based on a single magnet
and a simple detector array. A single simple magdasign is chosen to minimize the
uncertainty in the magnetic field seen by the etecaind positron. The pair spectrometer is self
calibrating to the extent that the absolute ensmge can be determined from the high energy
edge of the photon spectrum. The endpoint of tleetspm corresponds to the CEBAF beam
energy which is known to better than“.0The beam quxyfo”(E) is determined from the
coincidence rates in the spectrometer. The exdedleergy calibration of the pair spectrometer
will allow a cross calibration of the photon energgasurement in the tagger spectrometer by
looking at coincidences between the two spectrorsetd his technique can also be used to
determine the tagger trigger efficiency. Finallyameful analysis of the flux functiom“l”(E) can
determine the polarization of the photon beamummary the goals for this Pair Spectrometer
are as follows:

a) Continuously measure the beam flux as a functicenefgy 400"(E) between 6 and12
GeV

b) Determine the photon beam linear polarization

c) Provide an independent tagger energy calibration

d) Measure the tagger trigger efficiency

In addition to the above goals the pair spectrometsst be designed so that the spectrometer
can be upgraded in the future with silicon detectormeasure the photon beam linear
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polarization directly. This requires a minimum of Hrift space between the pair spectrometer
radiator and the magnet.

2) Pair Spectrometer Design
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Figure 1 Layout of the proposed pair spectrometerOn the left is a thin 10* converter followed by a
strong spectrometer magnet. The vacuum chamber extds 1.5 m beyond the end of the magnet.
Immediately outside the vacuum chamber is a hodospe detector.

The layout of the pair spectrometer is shown iruregl. The photon beam is sampled with a
thin converter shown on the left of Figure 1. As pair production cross section is large a thin
radiator can be used. The optimum choice foralétor thickness will depend on the details
of the detector design and photon beam flux anbtirefore be discussed after the detector is
described. The target holder will be positionetéast 1m upstream of the pair spectrometer
magnet and will be equipped with several diffetbitkness radiators. The converter ladder can
also be completely removed from the beam.

The design of the pair spectrometer magnet andwaaihamber are coupled. The weaker the
magnet the longer the vacuum chamber needs tohigeoftimum design is one where 12 GeV
electrons or positrons will pass through an exitdew at the end of the vacuum chamber and
strike a shielding wall downstream of the spectriemel his design guarantees that the
spectrometer will have a minimum amount of backgoband it will not disturb the GlueX data
taking. The pole tip of the magnet must be wideughonot to block the low energy particles of
interest and the magnet should operate at a fiaktevthe iron is not saturated, so the field will
be reproducible at 1 in 10-4. For this study a neagvith an effective lengthek= 1.829m, an
integrated field strength Int[B*dL] =2.991T*m, aperating field B.=1.64tesla, and a pole
width D,=+30cm is assumed. With this magnet the vacuum beamust extend 1.5m beyond
the end of the magnet. With this design 12 GeVtedes or positrons will exit the vacuum
chamber xcm from photon beam axis leaving sufficegace for a flange for the photon
beamline and the exit window mount. The vacuum d¥emns constructed of non-magnetic
material (aluminum or stainless steel) and is I60réde at the downstream end. This allows
particle deflected by up to 17° to be detectediamdatched to the pole tip width.

The scintillator hodoscope detectors are showrhenight in Figure 1. The Fine Spacing
Forward (FSF) hodoscope (positron arm) and Wideigga-orward (WSF) hodoscope
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(electron arm) are used to measure the energy Wigl€ine Spacing Backward hodoscope
(FSB) and Wide Spacing Backward hodoscopes (WSBlsed for triggering purposes. The
hodoscopes are designed to provide uniform acceptaver the energy range of 12.4GeV to
6.4GeV. The FSF hodoscope is a single layer gasked scintillator hodoscope with fine
segmentation. The FSF hodoscope will consist otHahnels and will cover the positron
momentum range of either 3-4GeV. The segmentafitineoFSF determines to a large extent
the energy resolution of the pair spectrometer. W8# hodoscope is a set of six narrow
scintillators positioned to detect electrons wikpsof 1GeV/c from 3.25 to a 8.25 GeV. The
detector arms are taken in coincidence and theopltertergy is the sum of the positron and
electron energies.

This combination of detectors then covers the maoremange of 6.25 to 12.21 GeV. As the
momentum range in the FSF hodoscope is the sathe asp between the WSF this
arrangement of detectors provides a uniform acoeptaver the measured range. This design of
a minimal-overlapping spectrometer is also a cfisttive way to cover the desired momentum
range. In this design the width of the energy lBrdetermined by the size of the fine spaced
hodoscopeAE, =AP:). The number of energy bins per GeV needs to leetsel as fine as the
corresponding distortion of the coherent bremskirahspectrum does not dominate the
uncertainty in the determination of the linear piaktion of the beam as determined fron the
shape analysis. As seen in Figure 2, alreadyiribger GeV gives a fairly accurate
determination of the shape, while in presentedgtlean option of 24bins/GeV is considered.
Detailed studies are necessary to determine thmogpt binning.

x 10°
1000 —

800 |~

phetons /s /GeV

600 — j

400 — /

I 1 5pointslGeV//‘

L 3 | |
200 _ 3.4mm collimator .+ \%
—m\___k_\k_—‘——'_j/

| | |
6 7 g 9 10 11 1
photon energy (GeV)

Figure 2 Typical photon energy spectra are shown fa 3.4mm collimator. Superimposed on the curves ar
the energy measurement points corresponding to a FShodoscope with either 10 or 15 scintillators.



Experimental factors such as the beam spot sizheopair spectrometer converter, the opening
angle for the e+/e- pair coming from the pair prtthn cross section, and multiple scattering
effects in the radiator and exit window will deteénen the optimum granularity of the FSF
scintillators.
If a higher photon energy resolution is requireahtlwhat is possible from the FSF hodoscope
alone then the widths of the WSF hodoscope sdittils can be reduced. The energy resolution
is given in the expression below:

(6/E) = (0> 02)2/(P-+P+)
whereg, is the width of the reconstructed photon energjrithution for a given bin, Bhe
central energyoc +andoc. are the uncertainties in the positron and eleatrergies, and P- and
P+ the positron and electron momentdr.prevent the strong overlap of the neighbor bis,
an acceptable energy resolutios, is selected at least equal to a half of the binzsi (¢, <
AE,/2.. Reducing the width of the WSF hodoscope to incréasenergy resolution has an
immediate impact on the pair spectrometers’ alrdadyacceptance. This is especially
important at the high energy end of the photontspetwhere the rate is dropping rapidly.

One possible hodoscope design based on the assaropt 1.83m long magnet with B=1.64T
field and 600mm wide poles is shown in the follogvifables 1,2.

Counters P Electron Radius of | Distance to| . Scintillator
of WSF GeV/c bending curvature | beam line width for
hodoscope angle M cm 0,=21.7MeV

deg cm
WSF1 3.25 16.03 6.62 68.8 1.31
WSF2 4.25 12.19 8.66 51.9 0.75
WSF3 5.25 9.84 10.69 45.4 0.54
WSF4 6.25 8,25 12.75 35.0 0.35
WSF5 7.25 7.11 14.78 30.1 0.25
WSF6 8.25 6.24 16.83 26.4 0.2

Table 1: Detailed summary of the wide spaced forwar (WFS) hodoscope detectors.

Minimum momentum 3.0 GeV

Maximum momentum 3.96 GeV

Number of scintillators 24

Momentum range per scintillator §P=0.0435GeV/c
Radius of curvature R=6.12— 8.09m
Deflection angle a=17.4-13.1

Distance to beam axis x=55.9 — 75cm

Total FSF pack width 19.1cm

Single channel width &>= Ax/(Ns-1)=0.83cm

Table 2: Detailed summary of the fine spaced forwat (FSF) hodoscope. In this design 63 MeV/c momentum
bins are used.
Looking at the widths of the strips in the WSFH aFable 1 column 6 one sees that the width

of the counters decreases as the momentum incrddssss necessary to match the momentum
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spread in the WSF to the photon energy resolutidixed one in FSF arnihe strip width
defined by requested resolution, is less at smalleeflections (higher momentum), so
having selected a resolution in aFSF arm, one autatically selects a comparable
resolution in a WSF arm.

E, range*GeV) 6-7 7-8 8-9 11-12
Widths of WSF
strips convoluted
with beam spot
size.(cm)
o,(corrected)

(MeV)

9-10

1.353 0.82 0.64 0.49 0.42 0.4

23.2 24.0 25.5 28.7 32.2 38.1

Table3. Summary on WSF strips’ effective width (bem spot size convoluted) and .
impact to a photon energy resolution.

The position spread is caused mainly by the bearnsipe of 3.4mm on the radiator but

multiple scattering in the radiator and the smalhsverse momentum spread in the pair
production process also contribute. An impacthefbeam spot size to a photon energy
resolution through the “effective” WSF strips widtkize is shown in Table 3This position
uncertainty dominate the energy resolution atdangergiesin the region of the peak of the
coherent bremsstrahlung (P- = 5.25GeV andaRges between 3 and 3.96GeV) the effect of the
beam spot size on the energy resolution is 18%(2&¥ instead of uniform 21.7MeV over full
energy range expected)..

The details of backward layer hodoscopes are msemted here because the studies to
understand if they are needed are still underwaywéh depend on background rate estimates.
However similar trigger hodoscopes are in use énHall-B air spectrometer and are important
for cleaning-up the noisy background. Their neethenHall-D PS may be also be indirectly
confirmed from Hall B’s data on single arm and cidence rates. The geometry of the
backward layer hodoscopes is shown in PS layouteabnd is used for the design of the PS
trigger scheme presented below. The present badkwatoscopes consist of consists of 6 strips
behind the WSF hodoscope and 3 strips behind tRehe8oscopes. The trigger hodoscope
arrays are located 1m downstream, behind WSF @}&# (16) hodoscopes respectively.

3) Pair spectrometer projected performance
a) Energy resolution, efficiency and rates

The energy resolution for FSF granularity 16 andvith beam spot size accounted are
compared for the optimal choice. The followingulesare obtained:

E, = 8-9 GeV E=11-12GeV
n=16 n=24 n=16 n=24
o,(MeV) | 35.6 25.5 45.8 38.1




There is an essential gain in photon resolutionwdl0GeV for FSF granularity n=24 while at
the high energy end of the bremmstrahlung the b&@ohsize mostly dominates and equalize
the resolution in cases considered. If one inerethe widths of WSF(5,6) to 0.4cm for
efficiency gain, the photon energy resolutions bee®1.7 and 49.5MeV for n=16 and 24 bins
respectively.

The efficiency for each photon energy bin definggiliwo arm coincidence has to be accurately
determinedThe relative efficiency of PS channels can be dicdy measured using a
bremsstrahlung spectrum that has a known shapé\n amorphous radiator installed in
goniometer will supply PS by collimated incoherentadiation, that allows to extract
efficiency for each channel comparing the measureand calculated energy spectrumThis
procedure should be regularly repeated in orderdnitor and correct any possible instability.
The absolute efficiency of PS can be measured empatally at a known flux using the total
absorption counter.

The rates in the PS were evaluated as the proditice momentum phase space coverage in
both arms at a few photons energy. The acceptaasdound to be approximately 0.1G&V on
average, decreasing toward high energy end of [steamung spectrum (0.15% at 6GeV, 0.1%
at 9GeV and 0.08% at 12GeV). With this acceptamckeassuming 100% detector efficiency an
expected rate in the region of the coherent breatdsing peak is on the order of 100 Hz at a
converter thickness selected to be 2ddliation lengths and a photon flux of €10

At known end point energy precision better that >1¢ (~10MeV), its shape, measured by
PS, is smeared out with PS resolution (~50MeV) ar@hn be fitted to Gaussian with FWHM
energy point attributed to 12 GeV).

The granularity of CB spectrum the pair spectr@nit 43 MeV as determined by the FSF
hodoscope. The error on this measurement will diparthe accuracy of the scintillator
manufacture, placement accuracy of the scintillators, the precision of the field map

and the beam spot size on the radiator. This will need studied in more detail.

b) Tagger calibration

As an instrument with simple configuration the rgryeof the photons can accurately be
determined using the pair spectrometer. Therefaran be used as a reference to cross
calibrations of the tagger spectrometer which hasemsomplicated configuration and operates
at a much higher rate (>1)) The tagger spectrometer measures the enetipe ghotons in the
beam by measuring the energy loss of the elecandghe pair spectrometer measures the
energy of a small fraction of these photons whictiargo pair production in the PS radiator. By
looking at the events where a coincidence exisiwden the tagger and the pair spectrometer
these two energy measurements can be comparegicaltgross-check of the photon energy
measured in PS and the tagger is shown in scdtteimpFigure 3. Each point in the plot is the
combination of PS and tagger measurement withetlevaint error bars of corresponding energy
resolutions.
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Figure 3: Cross calibration of the tagger using theair spectrometer.

In this plot the energy resolution of the taggehigher than that of the PS but this does not
affect the precision of the cross-check if enougtistics are accumulated for each tagger’s
energy bin which allows the determination of thealoPS spectrum mean with a precision
comparable to tagger resolution and then makessarbeck of tagger energy.

Note this plot may contain information on the ramdooincidence inside of each of devices and
between them, that affects the measured energyhantbrresponding point in plot is shifted out
of the calibration line in parallel to a relateceax

c) Photon beam linear polarization determination

The measurement of the CB spectrum allows to eixjiieisize and shape of the CB peak to
calculate the linear polarization. The methods tbgper for this task are quite advanced and
require only the wide enough measured energy rahgee and below the peak regi¢hnsert
referenceFor example at peak energy setting at 9 GeV, thgerérom 6 to 12 GeV is quite
appropriate for this task, allowing the reachaivkcision to be in order of 0.01-0.02 in the

working range (E-Feay/ Eyea<0.3. Outside of this range the polarization isv bmd compatible
with zero.

d) Electronics

The entire pair spectrometer consist of a totéld€ounters: FSF(24),FSB(4),WSF(6), WSB(6).
The proposed readout and trigger schemes for tieetde are shown in Figures 4,5 and 6.

The scintillators are read out using photomultiplidoes which are powered by a CAEN
SY2527 based system. The signals from the FSF &8l &ve discriminated using CAEN V812
constant fraction discriminators, while backwargelahodoscopes are readout by ordinary
discriminators. The signals are then digitizeshgghe fTDC. The outputs of the FSB and WSB
hodoscopes are directly connected to a fADC250ingnim hit bit mode and PS trigger hit is
elaborated as a fast coincidence between twarfS at data fast data processing. . The
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trigger hit pattern is then transported via CTP 8&8% modules to the global trigger processor
(GTP) where the pair spectrometer trigger is formed
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Figure 4 Sketch of the proposed electronics.
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Figure 5: Readout scheme for the pair spectrometer.
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Figure 6: Trigger scheme for the pair spectrometer

e) Software

The software for PS should imply:

- measurements of PS efficiency using incohdmesrinmstrahlung spectra

- search of crystal axes orientation in angutans

- online measurements and monitoring of CB spestth feedback to crystal positioning.
- off-line PS data analysis and CB polarizatioltalation

All these programs were developed for YERPH} linearly polarized beamline facility and
can be adopted to Hall D’s special requirementiscamditions .

f) Work to do: First steps

1.To look for the relevant dipole magnet and miaiketrajectories precise calculations for
detectors layout arrangement using magnet fieldgophy. The full simulations of pair
production process for 9GeV photons in selectethiP@ut to see its performance: resolutions
and efficiencies.

2.To select the counters structure: scintillatpetylight guides, PMT's..

3. To design the mechanical structures of PS ttetechodoscopes and counters, located at
the movable supports on the rails for the preagjastments with relevant references and
measurement means, holders of PMT with magneigtdshg inside.

4. To select the quality checks of the componants start their design and prototyping.
Preparation of the test benches for certificatibhamloscopes and counters after assembly.

We are able to do these steps



