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Q2 Measurement and Challenges in PREX
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ABSTRACT

	 The four-momentum transfer squared (Q2) is an important kinematic quantity for nuclear 
experiments. The importance of the Q2 measurement was emphasized in the case of PREX, conducted 
at Hall A, Jefferson Lab, which measured the parity-violating electroweak asymmetry in the elastic 
scattering of polarized electrons off a 208Pb target against an average Q2 in order to find the neutron radius. 
With the requirement of 1% uncertainty in Q2, the measurement became extremely challenging with the 
need to find new solutions and techniques to overcome several constraints including the use of a low 
electron beam current, the limited capabilities of the existing equipment and the design of the experiment 
(a 5o central scattering angle). With a new technique using the idea of differential nuclear recoil for 
elastic electron scattering off target nuclei of different masses to measure the spectrometer central angle 
(θ0) and scattering angle (θ) for Q2 calculation, the average Q2 was measured to be 0.00906±0.00009 
GeV2, which was within the 1% uncertainty requirement of the experiment. This article summarizes all 
procedures and challenges of Q2 measurement in PREX and possible improvement for future PREX-like 
experiments.
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INTRODUCTION

	 The four-momentum transfer squared 
(Q2) is the square of the amount of momentum 
transfer from one particle to another particle in 
four-dimensional space. The Q2 plays an important 
role in the kinematic parts of nuclear experiments 
and usually defines the accuracy of experiments 
and is calculated using Equation 1

	 Q EE'2 2 1= − ( ) cos θ 	 (1)

where E is the incident energy, E’ is the energy of 
scattered electrons and θ is the scattering angle. 
In the case of elastic electron scattering, one may 
eliminate one of the three variables and the Q2 

can be written as in Equations 2–4 (for a proton 
target):

	 Q E fr
2 22 1= − ( ) cos θ 	 (2)

	 Q E' f'r
2 22 1= − ( ) cos θ 	 (3)

	 Q m E Ep
'2 2= −( ) 	 (4)

where mp is the mass of the proton, fr  and f ’r are 
recoil factors defined as shown in Equations 5 
and 6:
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where M is the mass of target nuclei. For PREX, 
Equation 1 was the primary equation used in Q2 
calculation, while Equations 2 and 3 were used 
for consistency checking. Equation 4 was not used 
for the Q2 calculation due to the high uncertainty 
arising from the small differences in E-E’. 
	 The importance of the Q2 was greatly 
enhanced in PREX (Abrahamyan et al., 2012) 
since the experiment measured the parity-
violating electroweak asymmetry in the elastic 
scattering of polarized electrons off a 208Pb target 
against an average Q2 measured throughout the 
experiment. In order to achieve the proposed goal 
of 3% accuracy in neutron radius measurement, 
the accuracy of the Q2 measurement must be 
better than 1%. This requirement was extremely 
challenging for the experiment because new 
techniques and solutions were needed to overcome 
all constraints, which included the limited 
capabilities of existing tracking devices. The usual 
trackers in Hall A, Jefferson Lab, Newport News, 
VA, USA are sets of Vertical Drift Chambers 
(VDCs) (Alcorn et al., 2004). Even though the 
VDCs have been used successfully and efficiently 
for many nuclear experiments in the past, the 
ability to handle high event rates is limited. Since 
PREX measures the scattered electrons at 5o off a 
208Pb target, the rates of scattered electrons at the 
drift chambers (up to 50~MHz/cm2) were well 
beyond the normal operational limit of the VDCs, 
which is ~10 kHz/cm2. With such high event rates 
in PREX, the performance of the VDCs would be 
reduced substantially and could possibly lead to 
a large amount of uncertainty in Q2 measurement. 
Another constraint was the use of a low electron 
beam current. To cope with too high event rates at 
the VDCs, PREX uses a low electron beam current 
(~50 nA) during the Q2 measurement to reduce the 
event rates at VDCs. However, with a low electron 
beam current, the beam position monitors and the 

beam position locks do not function properly. The 
lack of these two pieces of equipment could lead 
to possible beam fluctuations that directly affect 
the Q2 measurement.
	 Several new techniques and thorough 
analyses were performed to ensure the accuracy 
of the Q2 measurement satisfied the requirement 
of PREX.

METHODOLOGY

Components of Q2 measurement
	 From Equation 1, the quantities needed 
for Q2 measurement consist of the incident electron 
beam energy (E), the scattered electron beam 
energy (E’), and the scattering angle (θ).

Beam energy (E) measurement
	 The nominal beam energy for PREX 
was 1.063 GeV and was continuously measured 
by the Tiefenbach measurement (Riordan, 2008), 
which had been calibrated using two independent 
apparatus, ARC (Gougnaus et al, 1999) and eP 
(Ravel, 1998), which are accurate to the level 
of 3×10–4. However, since PREX only used 
the Tiefenbach measurement for beam energy 
measurement, the accuracy was limited to ~0.1% 
level and contributed ~0.1% to the overall 
systematic uncertainty in Q2.

Scattered electron energy (E’) measurement
	 The scattered electron energy was 
measured using two high resolution spectrometers 
(LHRS and RHRS) in Hall A. (Alcorn et al, 
2004) The standard HRS has an absolute energy 
accuracy in the range ~3×10–4 for the energy of 
0.3–0.4 GeV. However, since PREX measured the 
central scattering angle of 5o while the smallest 
angle the HRSs could have was 12.5o, a new 
septum magnet that bent scattered electrons from 
5o to 12.5o had to be installed. The addition of the 
septum magnet led to the need to recalibrate both 
HRSs. The recalibration procedures are described 
in Saenboonruang (2013). The final accuracy was 
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found to be better than 0.1% level and contributed 
~0.1% to the overall systematic uncertainty in 
Q2.

Scattering angle (θ) measurement
	 The scattering angle (θ) is the angle 
between the direction of a scattered electron and 
the direction of the electron beam. θ can be divided 
into two main parts: the spectrometer central 
angle (θ0) and angles measured with respect to the 
spectrometer axis called target angles (θtg and φtg 
where θtg (φtg) is a vertical (horizontal) angle of 
scattered electrons with respect to the spectrometer 
axis). For a small scattering angle, θ is related to θ0, 
θtg and φtg as shown in Equation 7. Figure 1 shows 
how each variable is defined in the spectrometer.

	 θ
θ ϕ θ

θ ϕ
=

( ) −
+ +

cos sin( )0 0

2 21

tg

tg tg

	 (7)

	 The uncertainty from measuring the 
scattering angle was the main uncertainty that 
contributed to the overall systematic uncertainty 
in Q2, especially the uncertainty from the θ0 
measurement.

Spectrometer central angle (θ0) measurement
	 θ0 can be measured using a survey, which 

measures the angle between two imaginary lines. 
The first line is along the ideal spectrometer axis 
and the second line is along the ideal electron 
beam direction. A survey uses special equipment 
from the Stanford Industrial Measurement System 
(SIMS) (Bell, 1989) to locate positions of the 
target center and the ideal spectrometer center. 
However, multiple transformations required to 
relate the ideal spectrometer angle to the actual 
spectrometer angle could increase the uncertainty 
of θ0 measurement to be as much as 0.06o or 
~1%, which could lead to 2% uncertainty in Q2 
measurement in the case of PREX. 
	 However, PREX used a new technique in 
addition to a survey. This technique (called pointing 
measurement) makes use of the idea of differential 
nuclear recoil for elastic electron scattering off 
target nuclei of different masses. The accuracy 
achieved from pointing measurement is usually 
better than a survey since pointing measurement 
does not require multiple transformations as in 
the case of a survey. Moreover, the accuracy of 
pointing measurement can be greatly enhanced 
by considering differential nuclear recoil off 
different target nuclei that are in the same target 
such as water (H2O). The benefit of this method 
is that all uncertainties from estimating energy 

Figure 1	 Relationship between scattering angle (θ), spectrometer central angle (θ0) and spectrometer 
reconstruction angle (target angle, θtg and φtg): (a) Top view; (b) Side view.
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losses that occurred before and after the scattering 
are suppressed. Also, by following this method, 
the problem of possible beam position shifting 
during the run is eliminated. The main uncertainty 
contributed to the uncertainty of a pointing 
measurement is from the ability to measure the 
energy difference between two different peaks, 
which, in the case of PREX, had an accuracy at 
the level of ~30 keV. Procedures for the pointing 
measurement are described in Saenboonruang 
(2013).
	 For PREX, θ0 for both HRSs obtained 
from a survey and a pointing measurement are 
shown in Table 1 and Figure 2.
	 As shown in Table 1 and Figure 2, 
the accuracy of θ0 measurement obtained from 
the pointing measurement was improved by a 
factor of two compared to values obtained from 
the survey. The improved accuracy from the 
pointing measurement helped to reduce the overall 
uncertainty of the Q2 measurement to within the 
1% requirement.

Measurement of target angles (θtg and φtg) 
	 After the θ0 measurement, the Q2 could 
be measured with the required accuracy at the 
scattering angle of θ0. However, PREX used 
the average Q2 from the entire acceptance of 
spectrometers to measure the neutron radius. 
Hence, scattered electrons that deviated from the 
spectrometer axes must be calibrated in order to 
have the correct θtg and φtg. The procedures are 
called optics calibration (Liyanage, 2002), which 
links focal plane variables to target variables. 
Uncertainties for θ0, θtg, and φtg measurement are 
shown in Table 2.
	 Combining all uncertainties from θ0, 
θtg, and φtg measurement, the average systematic 
uncertainty from scattering angle (θ) measurement 
would be 0.024o for LHRS and 0.021o for RHRS. 
The 0.4% uncertainty in scattering angle (θ) 
measurement, as shown in Table 3, contributed 
~0.9% to the overall systematic uncertainty in 
Q2.

Figure 2	 Comparison of spectrometer central angles, θ0, on two high resolution spectrometers (LHRS 
and RHRS) using pointing measurement and survey. The error bars (±SD) show a smaller 
uncertainty from using pointing measurement.

Table 1	 Spectrometer angles, θ0, measured using pointing method and survey method of PREX.

High resolution spectrometer (HRS) Pointing values (o) Survey values (o)

Left-HRS (LHRS) 5.065±0.020 5.007±0.046
Right-HRS (RHRS) 4.933±0.020 4.910±0.046
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Measurement of Q2

	 During the production runs, which used 
a higher beam current (~50–100 μA) in order to 
shorten the experiment time required to achieve 
sufficient data, all the VDCs were turned off 
due to the too high scattered electron flux on the 
detectors. Thus, no Q2 data were recorded during 
the production runs. As a consequence, in order to 
measure the average Q2, a series of Q2 runs was 
taken approximately once a week with a lower 
beam current (~50 nA).
	 In order to ensure that the Q2 values 
would represent scattered electrons that passed 
through the main PREX detectors, the scattered 
electrons must hit both the main PREX detectors 
and have non-zero ADC amplitudes after pedestal 
subtraction. Then, the information about target 
angles, electron beam energy and scattered 
electron energy for each detected electron was 
recorded and was used to calculate Q2 using 
Equation 1. The average Q2 values obtained from 
every scattered electron that passed the cut in each 
run were used to calculate the final average Q2. 
The Q2 distributions on runs from both HRSs are 
shown in Figure 3. The average Q2 for LHRS was 
0.00933±0.00009 GeV2, while the average Q2 for 
RHRS was 0.00875±0.00009 GeV2. The different 
values of Q2 in each spectrometer were consistent 
with the different spectrometer central angles (θ0) 
(larger θ0 led to higher Q2).
	 To obtain the final average of Q2 from 
both spectrometers, the relative strengths or the 

weights between the left PREX detectors and the 
right PREX detectors must be determined. Even 
though the PREX detectors on both HRSs were 
tuned through high voltage (HV) adjustments 
periodically such that their gains were kept roughly 
equal, there were still some small imbalances. 
By using the average ratio of ADC amplitudes 
from the left and right PREX detectors from all 
Q2 runs, the relative strengths could be obtained. 
The calculation yielded the weights of 0.5020 
and 0.4980 for LHRS and RHRS respectively. 
The value of the final average of Q2 from the two 
spectrometers after the corrections was 0.00906 
GeV2.

RESULTS AND DISCUSSION

Shifts in Q2 between runs
	 As shown in Figure 3, there were some 
shifts in Q2 by as much as 1% between runs. These 
shifts could be explained by the shifts in average 
beam positions for detected events, which could be 
due to two main reasons: 1) After taking the beam 
for several days, some parts of the target melted 
away and became non-uniform. This reduced the 
yield for those thinner parts and, with the beam 
raster on, the average beam position seen by the 
detectors changed. 2) Due to the low beam currents 
during Q2 runs, the beam position locks were not 
in place. This may have caused the actual beam 
position to change.

Table 2	 Uncertainties of θ0, θtg, and φtg measurement.

High resolution 
spectrometer (HRS)

Uncertainty of θ0 (o) Uncertainty of θtg (o) Uncertainty of φtg (o)

Left-HRS (LHRS) 0.020 0.066 0.017
Right-HRS (RHRS) 0.020 0.091 0.011

Table 3	 Uncertainties of scattering angles (θ).

High resolution spectrometer (HRS) Uncertainty of θ (o) Relative uncertainty of θ (%)
Left-HRS (LHRS) 0.024 0.4
Right-HRS (RHRS) 0.021 0.4
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	 The change in beam position to one 
side would increase Q2 on one spectrometer and 
decrease Q2 on the other spectrometer. Since the 
beam position monitors did not operate during Q2 
runs due to the low beam current (~50 nA), the 
beam position was extracted using the measured 
ytg instead. Consider Equation 8:

              

Z y D xreact tg
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where Zreact, D, and xbeam are the interaction position 
along the beam, the horizontal displacement 

of the spectrometer axis from its ideal position 
and the horizontal beam position at the target, 
respectively. Since PREX used a very thin (~0.55 
g/cm2) 208Pb target, Zreact was negligible, xbeam 
could be extracted directly from ytg, given that 
ytg was properly calibrated and D was accurately 
measured. Figures 4 and 5 illustrate how the 
measured Q2 values changed as the beam average 
beam position shifted. This result agreed with the 
assumption that when the average beam position 
moved to one side, Q2 on one spectrometer 
increased while on the other spectrometer it 
decreased.

Figure 3	 Q2 distributions on runs from both high resolution spectrometers (LHRS and RHRS). The 
dotted lines represent the average Q2 for each spectrometer.

Figure 4	 Q2 distributions versus beam positions on the left high resolution spectrometer (LHRS). Error 
bars show ±SD.
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Figure 5	 Q2 distributions versus beam positions on the right high resolution spectrometer (RHRS). 
Error bars show ±SD.

Other systematic uncertainties on the Q2 
measurement
Pileup
	 Pileup effects occurred from running 
the experiment at too high trigger rates which 
substantially decreased the performances of the 
VDCs. To determine the size of a pileup, a series 
of Q2 runs were taken with trigger rates varying 
over a large range from 300 Hz to 500 kHz, and 
the VDC performances were determined from the 
Q2 distributions. Figures 6 and 7 clearly show the 
pileup occurred when the trigger rates were high 
(500 kHz).
	 Figure 8 shows how the average value of 
Q2 obtained from different trigger rates changed.
	 To reduce the effect of pileup on the Q2 
measurement, only Q2 runs with trigger rates lower 
than 100 kHz were used. However, even at lower 
trigger rates, pileup effects could still occur. The 
effect could be estimated by comparing Q2 for 
different cuts on the number of tracks in the event. 
Using a 1-track only cut versus allowing multiple 
tracks on the detector resulted in an average shift 
of –0.06±0.05% on Q2. This shift in Q2 values 
was taken as a systematic uncertainty arising from 
pileup effects.

Trigger bias
	 PREX used two types of trigger: T1 and 
T5. T1 was the scintillator above the VDC planes, 

while T5 was the scintillator placed just above the 
main PREX detectors and was used as the main 
trigger during the Q2 measurement. By comparing 
the Q2 values collected from the same run but using 
different trigger types, T5 gave Q2 values ~0.2% 
higher than the Q2 values obtained from the T1 
triggered events. The difference in the Q2 using 
two different trigger types could be regarded as a 
systematic uncertainty arising from trigger bias.

Q2 result and its systematic uncertainties
	 Summaries of Q2 and its uncertainties 
are shown in Tables 4 and 5.

Possible improvements for future PREX-like 
experiments
	 PREX was one of the very first 
experiments at JLAB that was run with a very 
small forward angle (5o central scattering angle) 
and with heavy target nuclei (208Pb), which led 
to a tiny value of measured Q2. With constraints 
on the low beam current (~50 nA) during the Q2 
measurement and the limitation on the equipment 
capability in PREX, a few improvements could be 
made for future PREX-like experiments in order 
to improve the accuracy of the Q2 measurement.

Use of a Gas Electron Multiplier detector
	 The Gas Electron Multiplier (GEM) 
detector is a relatively new gaseous detector 
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Figure 7	 Q2 distributions in the high resolution spectrometer RHRS with: (a) Very high trigger rate 
(500 kHz) clearly showing pileup; (b) low trigger rate (1.6 kHz).

Figure 6	 Q2 distributions in the high resolution spectrometer LHRS with: (a) Very high trigger rate 
(500 kHz) clearly showing pileup; (b) Low trigger rate (1.6 kHz).
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Figure 8	 Q2 dependence on trigger rates on the two high resolution spectrometers (LHRS and 
RHRS).

Table 5	 Summary of uncertainties in Q2 measurement for PREX.


Uncertainty source
Uncertainty

(in source units)
Percent uncertainty in Q2

Beam energy 1 MeV 0.1%
Scattered electron energy 1 MeV 0.1%
Scattering angle 0.023o 0.9%
Pileup <0.1%
Trigger bias 0.2%
Total systematic uncertainty 1.0%
Statistical uncertainty <0.1%
Total uncertainty 1.0%

Table 4	 Summary of Q2 and useful information for PREX.

                 Quantity Values
Beam energy (GeV) 1.063±0.001
LHRS θ0 (o) 5.065±0.024
RHRS θ0 (o) 4.933±0.021
Average Q2 on LHRS (GeV2) 0.00933±0.00009
Average Q2 on RHRS (GeV2) 0.00875±0.00009
LHRS Q2 weight 0.5020±0.0005
RHRS Q2 weight 0.4980±0.0005
Average Q2 (GeV2) 0.00906±0.00009

LHRS, RHRS = High resolution spectrometers.
Values are shown as mean±SD.

introduced by Sauli (1997). The GEM detector 
uses the principle of ionization of gas molecules 
inside the detector caused by particles going 
through the detector. These primary ionized 

electrons will be accelerated toward the cascaded 
GEM foils, which consist of arrays of small holes 
(diameter ~70 μm), and gain more energy. These 
higher-energy electrons will be able to ionize more 
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Figure 9	 Schematic of working principles of the Gas Electron Multiplier (GEM) detector.

electrons in later stages of amplification, creating 
an electron avalanche. The readout plane at the 
bottom of the detector will capture this electron 
avalanche for further signal analysis. The working 
principle of the GEM detector is shown in Figure 9.
	 Since its invention in 1997, the GEM 
detector has been used and developed in various 
fields of research and has been excellent from many 
perspectives. In particular, the GEM detector could 
be a perfect candidate to replace the VDCs for Q2 
measurement because of its characteristics of: high 
rate of detection capability (up to 105 Hz/mm2); 
position resolution of better than 70 μm; radiation 
hardness; effective gain of ~104; adaptability in 
size and shape for different applications; and low 
discharge probability (Sauli, 2004).
	 The high rate of detection capability 
in the GEM detector will enable PREX-like 
experiments to be run at a much higher beam 
current. This will also allow beam position 
monitors and beam position locks to properly 
function, while still ensuring position resolution 
and energy proportionality. The ability to monitor 
and lock the beam will reduce the possibility of 
beam shifts during runs and reduce the overall 
systematic uncertainty.

Low-current beam position monitoring system
	 In addition to the possibility of using 
the GEM detector for higher beam current, a low-
current beam position monitoring system could be 
applied as well. The low-current beam position 
monitoring system has been developed in Hall B, 

Jefferson Lab to measure the transverse position of 
a very low current (in nA scale) beams delivered 
to Hall B (Ursie, 1997). The success in using the 
low-current beam position monitoring system 
will reduce the fluctuations in the beam position 
during runs and substantially reduce the systematic 
uncertainty for the Q2 measurement.

CONCLUSION

	 The Q2 was successfully measured 
with an overall uncertainty of 1%, despite major 
challenges in the use of a low beam current and a 
small scattering angle. The uncertainty of 1% in 
the Q2 measurement was within the requirement of 
the experiment in order to extract a proposed 3% 
accuracy in neutron radius measurement. The main 
uncertainty was from measuring the spectrometer 
central angle (θ0), with pointing measurement 
ensuring the required accuracy was achieved. In 
addition, there were some shifts in Q2 by as much 
as 1% during runs due to shifts in beam positions. 
Despite the success in the measurement, there 
is still room for improvement. Some possible 
improvements include the use of GEM detectors to 
replace VDCs and the utilization of a low-current 
beam position monitoring system.
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