
1 Introduction

The PI of this grant is a spokesperson for the Jefferson Laboratory Hall B PrimEx Collaboration
which is using tagged photons to perform an absolute 1.4% level cross section measurement of the
photoproduction of neutral pions in the Coulomb field of a nucleus. The absolute cross section for
this process is directly proportional to the neutral pion radiative decay width and consequently the
uncertainty in the luminosity is directly reflected in the final error bar of the measurement. The PI
has taken primary responsibility for the photon flux determination and in this technical report, we
outline the steps taken to limit the uncertainty in the tagged photon flux to the 1% level. These
include the use of a total absorption counter for absolute flux calibration, a pair spectrometer for
online relative flux monitoring, and updated procedures for postbremsstrahlung electron counting.

The photon tagging technique has been used routinely in its various forms [1][2][3][4][5][6][7][8][9] to
provide quasimonochromatic photons for absolute photonuclear cross section measurements. The
analysis of such experiments in the context of bremsstrahlung photon tagging was summarized
by Owens in 1990 [10]. Since then, a number of developments have made possible significant
improvements in the implementation of this technique. Here, we describe the steps taken by the
PrimEx Collaboration in Hall B of Jefferson Laboratory to limit the systematic uncertainty in the
absolute photon flux to 1%. They include an absolute flux calibration at low intensity with a total
absorption counter, online relative flux monitoring with a pair spectrometer, and the use of multi-hit
time to digital converters for post bremsstrahlung electron counting during production data runs.
While this discussion focuses on the analysis techniques utilized by the PrimEx Collaboration which
involves a bremsstrahlung based photon tagging system to measure the neutral pion lifetime, the
methods described herein readily apply to other types of photon tagging systems.

2 The PrimEx Experimental setup

The goal of the PrimEx experiment is to perform a precise measurement of the cross section for
photoproduction of neutral pions in the Coulomb field of a nucleus (the Primakofff effect)[11]. The
primary equipment in the experiment includes (see Fig. 1): (1) the Hall B photon tagger; (2) 5-10%
r.l. solid πo production targets (C, Si, and Pb); (3) a sweeping magnet/pair spectrometer located
after the production targets; (4) a 1m × 1m highly segmented lead glass photon detector for πo

decay photons, with a high resolution PbWO4 insertion in the central region near the beam and a
plastic scintillator charged particle veto.

3 Photon tagging in Hall B of Jefferson Lab

Jefferson Lab (JLab) Hall B photon experiments utilize the well known bremsstrahlung photon
tagging technique to measure the energy and time information of incident photons in real photon
induced reactions [9]. The electron beam of initial energy E0 (in the case of PrimEx E0 = 5.76
GeV) is incident upon a thin (3 × 10−4, 10−4 or 10−5 rad. length) bremsstrahlung radiator foil.
The electron loses energy in the electromagnetic field of the nucleus and in the process emits an
energetic photon. The number of photons with energies in the interval k — k + dk is proportional
to the Z2 of the radiator and is inversely proportional to the energy k of the photons. Due to the
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Figure 1: Layout of the PrimEx experimental setup.

relatively small mass of the electron the recoil energy transferred to the nucleus is negligible, and
the bremsstrahlung photon energy can be written as:

Eγ = E0 − Ee (1)

where Eγ is the energy of the bremsstrahlung photon and Ee is the energy of the secondary elec-
tron. Since the energy E0 of the electron incident on the radiator is determined by the accelerator,
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one can determine the energy of the photon by measuring the energy of the post-bremsstrahlung
electron.

The main components of the Jefferson Lab Hall B photon tagger are a thin bremsstrahlung radia-
tor, a dipole magnet capable of full field of 1.75 T and two rows of plastic scintillator hodoscopes,
“E” – and “T” – counters (energy and timing counters). The photons produced in the radiator
continue essentially straight ahead through the tagger, toward the target further downstream in the
experimental hall. For the PrimEx experiment, a 12.7 mm collimator in conjunction with a 0.73 T
permanent magnet is positioned just downstream of the tagger and centered on the photon beam
line in order to further define the photon beam. Post bremsstrahlung electrons are separated from
the photons by the tagger dipole magnet. The field setting of the magnet is adjusted to the incident
beam energy to allow full energy electrons which do not interact in the radiator to be transported
into a shielded beam dump below the floor of the experimental hall.

The energy-degraded electrons are detected in the E- and T- counters that lie along a flat focal
plane downstream from the straight edge of the magnet. The E-counters make up a plane of 384
overlapping scintillators. The E-counters are designed to have a variable width to cover approxi-
mately constant energy intervals of 3 × 10−3E0. Using the overlapping nature of the E-counters,
767 fine energy channels (E-channels) of width 10−3E0 are defined through software coincidences of
adjacent E-counters [9].

In order to properly associate a tagged electron with a related downstream event, a timing resolu-
tion of 300 ps or better is provided by a row of T-counters located directly under the row of the
E-counters. There are 61 T-counters in total. Each detector is a plastic scintillator read out with
a photomultiplier tube at each end of each scintillator. T-counters have overlapping acceptances to
ensure that there are no inter-counter gaps. The overlapping design of the T-counters gives rise to
121 non-overlapping T-channels which are defined through a software coincidence for two adjacent
detectors.

The focal plane of the tagger is divided into two groups of T-counters. The first group of 19 counters
covers the photon energy range from 77% to 95% of the incident electron energy, and the group of
42 remaining wider counters covers the range from 20% to 77%. The size of individual T-counters
compensates for the 1/k behavior of the bremsstrahlung cross-section. The width of each T-counter
is chosen in such a fashion that it enables approximately the same counting rate for each detector
within the same group. When all 61 T-counters are used, the total tagging rate can be as high as
50 MHz for the whole focal plane. The high-energy counters T1-T19, are proportionally smaller,
and allow a tagging rate of up to 50 MHz in this region alone [9]. The PrimEx experiment used
only the counters T1 through T11.

The use of the Jefferson Lab Hall B photon tagging facility gives the PrimEx experiment several ad-
vantages over the previous experiments that were based on the Primakoff effect [12, 13, 14, 15, 16].
The angular dependence of the π0 photoproduction cross section being measured is strongly de-
pendent on the energy of the π0. The precise determination of the tagged photon flux on the
experimental target is also enabled by the tagger. Thus a more accurate knowledge and control of
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the photon beam energy and the luminosity enables a greater control over systematic errors.

In order to determine the energy of the decaying π0, each event is recorded in coincidence with a
signal from the tagger. The experimental cross section for neutral pion photo-production is given
by the following expression:

dσ

dΩ
=

dY tagged

π0

N tagged
γ · ǫ · t · dΩ

(2)

where dΩ is the element of solid angle of the pion detector, dY tagged
π0 is the yield of tagged π0’s

within solid angle dΩ, t is the target thickness, ǫ is a factor accounting for geometrical acceptance
and energy dependent detection efficiency, andN tagged

γ is the number of tagged photons on the target.

As can be seen from Equation 2, the normalization of the cross section directly depends on knowing
the tagged photon flux on the target. The number of tagged photons is not equal to the number of
hits recorded by the tagging counters because of a number of effects:

(1) events in which a bremsstrahlung photon is produced and then absorbed before reaching the
target.

(2) Møller scattering events in the bremsstrahlung radiator which produce an electron in the
tagging counters without an accompanying photon.

(3) extra hits registered in the tagging counters due to room background.

To minimize the absorption of photons before they reach the target, the bremsstrahlung beam trav-
els in vacuum. The Møller scattering events are known to affect the tagging rate at the level of a
few percent. The impact of the room background on the tagging rates of runs with various electron
beam intensities is continuously monitored.

The combination of these effects can be measured in a calibration run by removing the physics target
and placing a lead-glass total absorption counter (TAC) directly in the photon beam. Assuming
that the total absorption counter is 100% efficient in detecting photons in the energy range relevant
for the experiment, the ratio of Tagger-TAC coincidences to the number of tagger hits, the so called
absolute tagging ratio, is then recorded:

Ri
absolute =

NTAC
γ·ei

N i
e

(3)

where NTAC
γ·ei is the number of photons registered by the TAC in coincidence with a particular tag-

ging counter and N i
e is the number of electrons registered in tagging counter.

Knowing this ratio, one can determine the tagged photon flux in the data taking run by counting
the number of post bremsstrahlung electrons in the tagging counters:

N tagged
γ |experiment = Ne|experiment ×Rabsolute (4)
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The use of the total absorption counter to calibrate the number of tagged photons per electron in the
tagger provides an absolute normalization of the tagged photon flux incident on the π0 production
target. However, these measurements can be performed only at intervals during the data taking.
Also in the calibration run, the rate of the total absorption counter is limited, and therefore, the
tagging ratio can only be measured at a rate which is reduced by a factor of about one thousand as
compared to the data taking run. As such, any rate and time dependence in the tagging efficiency
must be carefully considered. A pair production luminosity monitor was constructed which is able
to measure the relative tagged photon flux over a range of all relevant intensities, and operate
continuously throughout the data taking runs. The pair spectrometer (see Fig. 2) uses the physics
target as a converter to measure the ratio of the number of γ + A → A + e+ + e− reactions in
coincidence with a tagging signal to the number of hits in the tagging counters.

Figure 2: A schematic layout of the pair spectrometer. Each arm consists of eight contiguous plastic
scintillator hodoscopes in each row.

This enables one to measure a relative tagging ratio:

Ri
relative =

NPS
e+e−·ei

N i
e

(5)

Where in analogy with Eq. 3, NPS
e+e−·ei is the number electron-positron pairs in coincidence with

a given tagging counter, and Ne is the number of electrons registered in a tagging counter. While
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this is a relative number, its absolute normalization can be determined with the TAC.

The advantages of the pair spectrometer are that it can operate over the entire range of intensities
of both the flux calibration with the TAC and the production data taking runs, and has a smooth,
relatively flat acceptance in Eγ covering the entire tagging range. The segmentation of the pair
spectrometer detectors is driven by the fact that the pair production and Primakoff target are the
same, and therefore the pair spectrometer detectors must accommodate the rates from a 5% ra-
diation length target. Under the PrimEx run conditions, singles rates on a single telescope were
about 140kHz, and totalled 90 kHz of PS-Tagger coincidences over the range of tagging energies.
The efficiency of the pair spectrometer for tagging photons was about 0.45%.

To reduce the data acquisition rates, the primary trigger is not induced by the tagged photons, but
by the pion calorimeter, which means there are possible π0 events in the data which are induced
by untagged photons. These events are excluded from consideration. In the yield one counts only
π0 events which are tagged as true events. The N tagged

γ in the denominator of Equation 2 has to

be counted consistent with the way Y tagged
π0 is determined. This means that if events are discarded

from the yield calculation, they should not be considered when calculating the photon flux either,
and vice versa. Further, triggering on the pion calorimeter signal in production runs as opposed to
the tagger has implications in the determination of the number of post bremsstrahlung electrons in
the tagger. This will be discussed below.

4 Absolute tagging ratios

In the calibration runs designed to measure the absolute tagging ratios, the experimental target
was retracted and a Total Absorption Counter (TAC) is placed in the path of the photon beam. To
avoid radiation damage to the TAC, the electron beam intensity is lowered to ∼ 70−80 pAmperes.
For such runs, the low intensity of calibration runs enables the use of the Tagger Master OR (MOR)
signal as the data acquisition trigger. The MOR signal is formed by OR-ing the timing information
from all or any of the 61 T-counters. Using the MOR trigger enables one to directly count the
number of electrons that hit the tagging counters. However due to the reduced intensity of the
primary beam, even a slight variation in room background can have a significant negative effect
on the tagging ratios. Thus periodic measurements are neccesary to ensure a stable, reproducable
result.

Absolute tagging ratios are then defined for each of the T-counters as in equation 3. A number of
measurements were performed to investigate the robustness of this procedure and are outlined in
the following sections.
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5 Systematic effects relating to photon flux determination

5.1 TAC - Tagger coincidence and background determination

The time difference between the tagger and the TAC forms a coincidence peak with a flat back-
ground. Figure 3 shows a typical coincidence spectra for TAC-Tagger. Note that the signal to
background ratio is better than 10000 : 1, and thus the determination of the number of coinci-
dences is quite insensitive to the accuracy of the background estimation procedure.
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Figure 3: Distribution of time differences for events reconstructed for tagger and TAC showing the
±4.5 ns timing window for coincidence events.

From Fig. 3 one can see that the background is not uniform on either side of the coincidence peak.
In particular, the dip around ∼ 5 to 40 ns to the right of the coincidence peak is due to the TDC
dead time. To determine the number of TAC-Tagger coincidences, a ±4.5 ns window was set up
around the peak. Because of the nonuniformity of the background, a w ≈ 4.5 µs window, from 7 to
4500 ns, was taken only on the left side of the coincidence peak to calculate the background level,
which was taken to be flat and uniform with the introduction of negligible error.
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5.2 Effects of incident electron beam intensity on absolute tagging ra-

tios

As previously mentioned, technical limitations of the TAC limit the absolute tagging ratio measure-
ments to beam intensities which are ∼ 103 times lower than the intensity of a regular production
run. The goal of the PrimEx experiment is to be able to measure the photon flux for the production
data with a precision of 1% or better. Since the flux calibration and production data taking runs
are performed under different beam conditions, it is important to demonstrate that the tagging
ratios obtained at beam intensities of ∼ 80 pA are valid when applied to the data collected at the
high beam intensities of about 80 to 130 nA. One means to investigate this involved normalization
runs with various beam intensities (40− 120 pA).

No noticeable systematic dependence of tagging ratios on the incident beam intensity was detected
when varying the beam intensity from 40 to 120 pA and the maximum deviation from the mean
tagging ratio for the “T” counters was less than 0.4%.. While this study involves only a limited
range of intensities, a more complete answer to the question of intensity dependence of tagging
ratios can be found by looking at relative tagging ratios where the beam intensity can be changed
anywhere from 0 to 100− 150 nA. This will be discussed later in this report.

5.3 Long and short term reproducibility

To test our ability to perform a consistent measurement of the absolute tagging ratios, Rabsolute,
back-to-back normalization runs were performed with an uncollimated beam at times 20 to 25 min-
utes apart. This study showed that four consecutive runs agree to within less than 0.3%, within
the limits of the required precision and statistical errors.

To investigate longer term reproducibility, Fig. 4 (top) shows the results of absolute tagging ratios
measured ∼four and half hours and five days apart. Figure 4 (bottom) shows the percent deviation
of the tagging ratio for each T-counter from the relevant average value. The statistical error for
each point is on the order of 0.2%. As seen from the plots, all three measurements are in very good
agreement with each other.

5.4 Effects of photon collimator misalignment

To study the effects of photon collimator position on the tagging ratio measurements for five different
collimator positions were performed and are shown in Figure 5 (top). Figure 5 (bottom) shows the
percent deviation of tagging ratios, measured at different positions of the collimator, from the value
which was measured with the collimator in its nominal position (i.e., at 7.02′′). From Figure 5
(bottom) one can easily see that the shift in collimator position from 7.02′′ to 7.15′′ (∼ 3.3 mm)
lowers absolute tagging ratios by about 0.34%, indicating a negligible contribution to the photon
flux error budget due to this effect.
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Figure 4: (top) Rabs measured for three runs which were separated in time during our data taking.
(bottom) Percent deviation from the mean.
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Figure 5: (top) Rabsolute measured for five different collimator positions measured in inches. (bottom)
Percent deviation from the measurement taken with collimator in its nominal position (7.02in).
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5.5 Effects of collimator size

The PrimEx experiment ran with very loose collimation of the bremsstrahlung photon beam to cut
out the beam halo and thereby increase the stability of the luminosity by keeping the photon beam
focused at one spot on the target.

In Fig. 6 (top) the relative tagging ratios are plotted versus T-counter ID for data taken with two
different collimators. For reference purposes a result with no collimation is also plotted. Note that
for these measurements the statistical error on each point is on the order of 0.15%. As indicated in
Fig. 6 (bottom), the 12.7 mm collimator cuts out ∼ 1% of the photon beam and 8.6 mm collimator
cuts out ∼ 4% of the photon beam.

6 Normalization of the production data runs

As indicated in Eq. 4, a key element in measuring the tagged photon flux is the counting of the post
bremsstrahlung electrons in the tagger. For most tagged photon experiments at JLab including
PrimEx, photons are produced at a rate far greater than is practical for direct counting by the data
acquisition system. The exception to this is the TAC calibration runs where, as mentioned above,
the rates are lower by a factor of one thousand.

The traditional technique to measure normalization involves hardware scalers that are used to count
the number of hits in a particular tagging counter. Scalers have the advantage of being able to count
virtually all the hits from a detector. Also, using scalers to measure the detector rates can auto-
matically account for beam-trips, i.e. uncontrolled beam intensity drops or spikes, provided that
the scalers count signals from a beam related source. However the triggering scheme used for the
PrimEx experiment makes the hardware scaler method unattractive exactly due to the fact that
scalers would count all the hits in the tagging counters.

The primary trigger for the PrimEx experiment was formed by a coincidence of signals from the
pion calorimeter and the tagger. When the total energy deposited in the calorimeter exceeded a
threshold of 0.5 GeV and there is a signal available from the tagger, a trigger signal is formed which
instructs the data acquisition system to read out all the channels that have non-zero information.
It is more efficient to use the calorimeter-tagger coincidence as a primary physics trigger since using
the tagger signal alone would flood the data acquisition due to the high rate of tagging counter
signals, most of which represent photons which just passed through the target without producing
an event of interest. Figure 7 illustrates the basic ideology behind the primary trigger setup for
PrimEx experiment.

The PrimEx data acquisition system used multi-hit time to digital converters (LeCroy LRS1877)
with a maximum range of 32 µs, double pulse resolution of ∼ 20 ns, and with the capability of
storing up to 16 hits per trigger event per channel in a LIFO (Last In First Out) mode. The range
of the TDC and the LIFO limit are programmable and for the PrimEx experiment were set to 16 µs
and 10 hits, respectively. The capabilities of these TDCs allows for significant improvement on the
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Figure 7: A schematic of the trigger setup.
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analysis techniques of tagged photon experiments described in Ref. [10].

Since only a timing coincidence is required between the pion calorimeter and tagger MOR (OR of
eleven T-counters) signals to form a trigger, there are three scenarios for losing tagged π0 yield due
to the TDC dead-time (double pulse resolution) and LIFO limit:

1. An entire event is lost due to TDC dead-time, i.e., there was no signal from tagging counters
to form a coincidence with pion calorimeter signal but the data acquisition system is ready
to take data. From the stand point of photon flux calculation, this case is very similar to the
situation where the data acquisition system is busy reading out data and is not accepting any
triggers.

2. A photon is lost due to TDC dead-time but a coincidence of another photon from a different
tagging counter with a HyCal signal forms a trigger and an event is read out. If a π0 is
reconstructed in such an event, it will not satisfy the energy conservation condition and will
not contribute to the tagged elastic π0 yield.

3. A photon producing a π0 may be lost due to the LIFO limit but the triggering condition
might be satisfied by a signal from another tagging counter. Just like in the previous case
such events will not contribute to the tagged yield.

The three situations presented above lead to the conclusion that the photons that are untagged due
to TDC dead-time or LIFO limit have no means to produce a tagged pion.

It is worth noting that the majority of the inelastic pions (pions not satisfying the energy conserva-
tion condition) are produced by low energy photons which are out of the tagging range of interest
and are recorded in the data stream as a result of accidental timing coincidence with a photon in
the high energy region of the tagger, i.e., the majority of inelastic events are not a result of TDC
dead-time or LIFO limit.

To measure a cross section, one is interested only in the number of tagged photons on the target
which have the potential to produce a tagged event. The tagged π0 yield automatically includes
the effects of TDC intrinsic dead-time, LIFO limit and the DAQ readout/dead-time. Hence, it is
not necessary to correct for the number of the tagged photons lost due to these effects.

The rate of tagged photons can be determined from the timing information, recorded by tagging
counters, via sampling of the number of hits for a small fraction of the time. An assumption is
then made that these samples are representative of the detectors’ rates for the times when no data
are recorded. This can be used to extrapolate to all times in order to determine the total number
of tagged photons represented by a given data sample. Since one is interested in the number of
tagged photons that have the potential to produce a tagged π0, the timing information from only
fully reconstructed hits in the tagger need to be considered. A fully reconstructed hit requires a
timing coincidence between the left and right PMTs of a T-counter that are simultaneously in time
with a hit in an E-counter. The coincidences between “E-” and “T-” counters are also subject to
a geometric matching where the two counters are required to be on an electron trajectory which is
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consistent with the magnetic optics of the tagger.

The LeCroy 1877 TDCs with which the T-counters were equipped operated in common stop mode
during the PrimEx experiment. A T-counter signal passed through a constant fraction discriminator
and was split into two signals. One signal started the TDC and the other signal passed through E-T
coincidence/MOR module. Assuming a coincidence between the left and right T-counter PMTs and
an E-counter has occurred, the MOR module sended a signal to the trigger supervisor when any
E-T coincidence was obtained. If a signal from the pion calorimeter was in coincidence with the
MOR signal, the trigger supervisor sends a common stop trigger signal to all electronics involved
in the data acquisition. Figure 8 shows an example of a timing spectrum of hits reconstructed for a
single T-counter in the tagger. Note that the abscissa in Fig. 8 part (a) is presented on a log scale.
The peak in the timing spectrum at around 100 ns corresponds to the time difference between the
two split signals from a single T-counter, i.e., is associated with the events when this particular
T-counter was involved in the trigger. The flat accidental background comes from signals that
were not involved in the trigger but were accidental hits recorded due to the common stop/multihit
nature of T-counter TDCs.

One obvious effect seen in Figure 8 part (b) is that the number of hits trails off on the right side of
the spectrum due to the LIFO limit. Since during the PrimEx experiment the LeCroy 1877’s were
used in a common stop mode, earlier times are to the right and later times are to the left in this
plot. The LeCroy 1877 TDC will always report the latest hits. Thus when the LIFO fills up, the
earlier hits are overwritten by later ones.

6.1 The “out of time” method

The tagged photon flux at the target can be determined by means of sampling the “out-of-time”
(OOT) electron hits in the tagger T-counters. The term “out-of-time” electron refers to any fully
reconstructed electron which was not involved in the formation of the trigger signal. The idea is to
simply count the number of hits in a particular T-counter within some user defined time window w
and divide by the size of the time window. Since even high rate detectors on average tend to have
only a few hits per event, it is necessary to integrate over many events to obtain an accurate value
for the rate.

When counting hits, it is important to discard those that could be associated with the trigger. Hits
which are correlated with the trigger are biased and will artificially increase the calculated rate. The
OOT window–w should be defined in such a manner that it does not include the trigger coincidence
peak region but can include areas both before and after the trigger peak. One drawback of this
rate sampling technique is that it is potentially vulnerable to beam intensity variations since it will
tend to sample more often when the beam intensity is higher. As such, the “clock trigger” method
was implemented as described below.

6.2 The “clock trigger” method

To ensure that the calculated rates are not biased by beam intensity variations, a 195kHz clock
trigger, which was completely uncorrelated with the electron beam current, was implemented in

15



Entries  3917810

Time [ns]  
1 10 210 310 410

hi
ts

/(
1n

s)
  

0

5000

10000

15000

20000

25000 Entries  3917810

Entries  3917810

Time [ns]  

2000 4000 6000 8000 10000 12000 14000 16000

hi
ts

/(
1n

s)
  

0

200

400

600

800

1000

1200 Entries  3917810

Figure 8: (a) Time spectrum of hits reconstructed for a single T-counter. (b) A close up of part
(a) illustrating the drop off of the number of hits due to LIFO limit.
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addition to the physics trigger. The clock triggers were pre-scaled so that the data are dominated
by events of physics type that are of interest. The pre-scale factor depends on the electron beam
intensity and on the type of the data taking run, i.e., pion photoproduction, or calibration runs
involving Compton scattering or pair production. Figure 9 shows a sample timing distribution for
hits reconstructed in a single T-counter recorded with the clock trigger. As in the case of the tagger
MOR-calorimeter coincidence trigger, one can see a depletion of hits due to the LIFO limit starting
at around 10 µs, but the peak characteristic of a beam related trigger is missing.
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Figure 9: Timing spectrum of hits reconstructed for a single T-counter. These data were taken
with clock triggers.

The same out of time window, w, shown in Figure 9, is used when calculating the rates with either
clock or physics triggers. It was chosen to be 7µs for all T-counters spanning from 500 to 7500
ns, thus avoiding the coincidence peak in the case of MOR-calormeter coincidence trigger and the
region affected by the LIFO limit for both triggers. Extra effort has been put into checking that
the distribution of hits inside the out of time window is flat.

Following the above described procedure for an electron rate calculation we have:

ri =
ni
e

w · ntrigger

(6)

where ri is the rate of T-counter i, ni
e is the number of hits within the out of time window of width

w and ntrigger number of times the T-counter i could have had a hit, i.e., the number of triggers.
Equation 6 assumes Poisson statistics for “out of time” electrons and it assumes constant electron
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rate per T-counter.

The PrimEx experiment utilized a second generation of the JLab designed Trigger Supervisor (TS)
module. This module is designed specifically to optimize event rates for Fastbus and VME based
data acquisition systems like those commonly used in intermediate and high energy physics exper-
iments. One new feature in the second generation model is the inclusion of two scalers dedicated
to measure the live-time of the DAQ. Both scalers are driven by a 195.3160± 0.0045 kHz internal
clock. One of these scalers is live-time gated while the other is free-running. The ratio of the two
gives the fractional live-time of the data acquisition system.

To determine the tagged photon flux, one needs to know the final number of the hits in a detector
during the live-time of the data sample. This can be obtained using only the live-time gated scaler
to calculate the actual live-time as shown below. Note that the free running scaler is not needed
since both the π0 yield and the photon flux are affected by the data acquisition system dead time
in the same way:

Tlive = ngated · β (7)

where ngated is the number of scaler counts from the gated TS scaler and β = 1

clock frequency
, i.e.,

β = 5119.9083± 0.0002 ns.

Given Equation 7, the total number of electrons that have passed through a T-counter i during the
time the data acquisition was live is expressed by:

N i
e = ri · Tlive =

ni
e

w · ntrigger

· ngated · β (8)

The number of tagged photons N i
γ in T-channel i can be calculated as:

N i
γ = N i

e ·R
i
absolute (9)

where N i
e is the number of electrons per T-channel i and Ri

absolute is the tagging ratio, which is
determined in the TAC analysis.

7 Relative photon flux calibration with pair production

The pair spectrometer is designed for relative in-situ monitoring of the photon flux and is an es-
sential part of the PrimEx experimental set up. It uses the physics target to convert a fraction of
the photons into e+e− pairs which are deflected in the field of a dipole magnet downstream of the
target and are registered in plastic scintillator detectors on both sides of the beam line. The relative
tagging ratio for a given T-counter is given by Eq. 5.

During the PrimEx production data taking, the clock trigger set up was used to measure Ri
relative.

As with the physics triggers of interest, the clock trigger enables one to directly count the number
of electrons in the tagging counters and it has the advantage of being insensitive to beam intensity
variations.
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7.1 PS-tagger coincidence window and background

The event times reconstructed in both the tagger and the pair spectrometer are randomly dis-
tributed in time with respect to the clock trigger. The time difference of hits reconstructed for
the tagger and the pair spectrometer gives rise to a coincidence peak and a non-flat, triangularly
shaped background. A sample timing spectrum is shown in Fig. 10.
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Figure 10: Distribution of time differences for events reconstructed in the tagger and pair spec-
trometer showing the ±3.0 ns timing coincidence window.

In general, taking the difference of two random distributions, defined over the same interval, results
in a triangular shape distribution. This provides an exact background model, which enables one to
easily simulate the “background only” part of the spectra.
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7.2 Effect of incident electron beam intensity on relative tagging ratios

In order to justify the use of the absolute normalization of the photon flux obtained at the low
electron beam intensities of the TAC runs for the calculation of the number of tagged photons on
target, it is important to demonstrate the independence of the Ri

relative on the electron beam inten-
sity. The relative tagging ratios, defined by Eq. 5, provide valuable confirmation of this procedure
as they can be measured at the low energies of the TAC runs as well as at high electron beam
intensities of the production data taking runs.

The Ri
rel was measured for electron beam currents ranging from 0.08 to 100 nA. The results for

a representative T-counter are shown in Figure 11. The data points were fitted with a first order
polynomial and as indicated in the figure, Ri

rel is quite independent of the beam intensity.

7.3 Stability of relative tagging ratios

The relative tagging ratios have to be not only intensity independent but also stable from run to
run, i.e., in time, to within 1%. The time stability of the relative tagging ratios measured by the
pair spectrometer justifies the use of a single set of absolute tagging ratios measured by the TAC for
the tagged photon flux calculation. As such, to achieve a 1% level tagged photon flux measurement,
any deviation from the nominal value of the Rrelative has to be carefully investigated and if possible
corrected. In the discussion that follows, the data from eleven T-counters were combined together
and the part of the focal plane of the tagger that is of interest to the PrimEx experiment is treated
as one single counter, thus enabling a reduction in the statistical error.

Figure 12 shows the time dependence of the Rcombined
relative - the combined relative tagging ratio for data

taken with a carbon target. The two black solid lines on the graph represent ±1% deviation from
weighted average. One can see that for the last group of runs (run number > 5150), the relative
tagging ratio falls off. The deviation is larger than 1% and indicates that extra care is needed when
calculating the photon flux for this group of runs.

8 Conclusions

We have described the steps taken by the Jefferson Laboratory PrimEx Collaboration to perform
a 1% measurement of the tagged photon flux. Major elements include the implementation of
multi-hit time to digital converters, electron counting techniques involving sampling of the post
bremsstrahlung electron rates, and the implementation of a pair spectrometer for continuous, on-
line measurement of relative tagging ratios. While this discussion has been in the context of a
measurement of the photoproduction of neutral pions, many of these techniques are potentially
applicable to other high precision photon tagging experiments.
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Figure 11: (top) Measured Ri
rel for T-counter #3 as a function of nominal electron beam current.

(bottom) The percent deviation from the mean for tagging ratio measurements made at different
beam intensities for the first eleven T-counters.
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– carbon target.
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