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The E08-027 (g2p) experiment setup contains a strong transverse target field and a septa field
in addition to the magnets in the Hall A High Resolution Spectrometer (HRS). The normal optics
study procedure for HRS need to be modified to present the effect of these two additional fields. This
technical note will summarize the procedure of the spectrometer optics study for this experiment.
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Introduction

The Hall A High Resolution Spectrometers are an identical pair of magnetic spectrometers which
contains three quadrupoles and a dipole magnet in a QQDQ configuration [1]. An optics matrix
is introduced to represent the effect of the magnets configuration. The kinematic variables of the
detected particles are reconstructed from the detector coordinates. The optics matrix elements have
been optimized over the full momentum ranges of both spectrometers and have been tested and
shown to be stable. This document briefly summarizes the normal optics calibration procedure of
the HRS and the coordinates system which is also used in the optics study of our experiment in
Section 2.
During g2p experiment, a pair of septum magnet is used with both spectrometers to detect
1

electrons at small scattering angles [2]. The septum magnet bent electrons with scattering angles
around 5.7◦ into the minimum spectrometer angle 12.5◦ of the HRS. The optics study of the HRS
with septum was firstly performed during the small angle GDH experiment in 2003 [3]. In small angle
GDH experiment, the optics matrix is re-optimized with the septum magnet added into the QQDQ
magnets configuration. The basic procedure is almost the same as the normal optics calibration
procedure of the HRS. This procedure is preserved in the g2p experiment and the optics matrix is
used to describe the joint effect of the septum magnet and the HRS magnets.
A pair of Helmholtz coils is used to provide a strong transverse field in the target region to
polarize the target [4]. The normal optimization procedure is updated to include the target field
effect. The updated procedure is discussed in this document as well as the optimization results for
the g2p experiment. The corresponding reconstruction procedure is also influenced by the target
field. The details of the procedure to reconstruct the kinematic variables is also discussed in the
last part of this document.
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2.1

Optimization Procedure
Coordinates System

A short overview of the target and coordinate systems used in this document is presented here.
More details can be found in reference [5]. All coordinates systems are Cartesian. Note that in this
section all reference to angular coordinates should be considered as the tangent of the angle.

Hall Coordinate System (HCS) :
The origin of the HCS is at the center of the Hall A, which is defined to be the intersection
point of the beam and the vertical axis of the target. ẑ is along the beam line and points
downstream and the ŷ is vertically up. Thus x̂ is to the left if looking along ẑ.
Target Coordinate System (TCS) :
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Figure 1: Target coordinate system (top and side views). θ0 is the spectrometer central angle, L
is the distance from the sieve slit to the TCS origin, Dx and Dy are the vertical and horizontal
deviations of the spectrometer central ray to the HCS origin.
Each of the two spectrometer has its own TCS. The z axis of the TCS is defined by the central
ray of the sieve collimator for a given spectrometer which is the line vertically passing through
the center point of the central sieve slit hole. The ẑtg points away the target and the x̂tg is
vertically down. Thus ŷtg is pointing to the right facing the ẑtg direction. Ideally, the z axis
should pass through the hall center if the spectrometer points directly to the hall center and
the sieve slit is perfectly centered. In this ideal case, the origin of the TCS coincidences with
the origin of the HCS. However, the origin of the TCS typically deviates from the hall center.
The deviation should be measured by survey. The angle between ẑtg of the TCS and the ẑ
of the HCS is defined as the central angle θ0 of the spectrometer. And the out-of-plane angle
θtg and the in-plane φtg angle with respect to the central ray are given by dx/dz and dy/dz.
A diagram of the TCS as well as its relations with the HCS for the left spectrometer is shown
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in Figure 1.
Detector Coordinate System (DCS) :
The coordinates of the detected particles are measured by the vertical drift chambers (VDCs).
More details of the VDCs can be found in reference [1]. The origin of the DCS is given by the
intersection point of wire 184 of the VDC1 U1 plane and the perpendicular projection of wire
184 in the VDC1 V1 plane onto the VDC1 U1 plane. ẑdet is perpendicular to the VDC plane
pointing vertically up, and the x̂det is parallel to the long symmetry axis of the lower VDC
pointing downstream. Thus the ŷdet is parallel to the short symmetry axis of the lower VDC.
When a particle is detected, two angular coordinates θdet , φdet and two spatial coordinates
xdet , ydet are calculated in this coordinate system.
Transport Coordinate System (TRCS) at the focal plane :
The TRCS at the focal plane is given by rotating the DCS clockwise around the y axis by 45◦ .
Ideally, the ẑtra coincides with the central ray of the spectrometer. Typically, it is used to
transport the DCS to the focal plane coordinate system. The TRCS coordinates of an event
can be calculated form the DCS coordinates by:

xtra = xdet cos(ρ0 )(1 + θtra tan(ρ0 ))
θtra =

θdet + tan(ρ0 )
1 − θdet tan(ρ0 )

ytra = ydet + sin(ρ0 )φtra xdet
φtra =

φdet
,
cos(ρ0 )(1 − θdet tan(ρ0 ))

(1)
(2)
(3)
(4)

where ρ0 = −45◦ .
Focal Plane Coordinate System (FCS) :
The FCS is a rotated coordinate system with its z axis always parallel to the local central ray,
which is defined as the trajectory of a particular particle with θtg = φtg = 0 in the TCS for
each relative momentum. This coordinate system is generated by rotating the DCS clockwise
around its y axis by the angle ρ between the local central ray and the z axis of the DCS.
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Figure 2: Focal plane coordinate system. The red trajectories are the local certral rays with
θtg = φtg = 0.
See Figure 2. Because of the focusing of HRS magnet system, particle with same scattering
momentum will be focused at the focal plane, which means the relative momentum to the
central momentum of the spectrometer is approximately a function of xtra . Therefore, the
rotating angle ρ is a function of xtra . As a result, the dispersive angle θfp is small for all points
across the focal plane in this rotated coordinate system, thus the expansion of the optics
matrix will converge faster during the calibration, which will greatly simplify the optimizing
procedure. The FCS coordinates of an event can be calculated form the DCS and TRCS
coordinates by:

xfp = xtra

(5)

θdet + tan(ρ)
1 − θdet tan(ρ)
X y
yfp = ytra −
Ci000 xifp
P p i
φdet − Ci000
xfp
φfp =
,
cos(ρ)(1 − θdet tan(ρ))
θfp =

where tan(ρ) =

P

(6)
(7)
(8)

p
t xi . The coefficient C t , C y
Ci000
i000
i000 and Ci000 also includes the corrections
fp

because of the systematic offsets of the VDC packages due to misalignment.
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2.2

Optics Matrix

As mentioned above, the DCS coordinates xdet , θdet , ydet , φdet are directly measured with VDC
package. These observables are used to calculate the TCS coordinates and the relative momentum
P − P0
,
P0

δ=

(9)

where P is the measured momentum of a particle and P0 is the central momentum setting of
HRS and septum [6]. During the optics calibration, the xtg is effectively set at zero, therefore
the unknowns at the target are reduced to four: δ, θtg , ytg , φtg . Thus, the optics matrix can be
expressed as (in a first-order approximation):
 
δ
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hθ|xi hθ|θi
 
0
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0
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 0

 
0
0
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hδ|xi hδ|θi

0

0

(10)

fp

In practice, the full matrix is optimized up to the third order. A set of tensors Djkl , Tjkl , Yjkl
and Pjkl , which are polynomials of xfp , links the FCS coordinates to TCS coordinates for each target
variables. For example:
θtg =

X

j k l
yfp φfp ,
Tjkl θfp

(11)

j,k,l

Tjkl =

X

T
Cijkl
xifp ,

(12)

i
T
where Cijkl
are the optics matrix elements for θtg . Similar expressions can be written for δ, ytg and

φtg .
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2.3

Matrix Optimization without Target Field

The optics optimization procedure is always performed on a set of data with wide coverage on the
entire acceptance of the spectrometer, which includes δ for momentum, θtg and φtg for solid angle
and ytg for reaction position. For each detected event, the target variables can be calculated from
detector variables with optics matrix. However, these variables should be obtained in some other
ways which is not depended on the optics matrix but is precise enough. This requirement can be
fulfilled by introducing survey results and some well-known physics process like elastic scattering
into the optimization procedure.
In practice, a series of calibration measurements are performed to collect the required data.
During the optics calibration measurements, a fixed energy electron beam with a point-like profile
is incident on a set of foil target. The target foils is aligned along the beam line to cover the
ytg acceptance. Therefore, the HCS coordinates xbeam and ybeam of the interaction point can be
determined by the beam position monitor (BPM), and the z coordinates zreact can be determined
by the survey result of the target foil. On the other side, a sieve slit collimator is placed before
the entrance of the spectrometer (if there is septum magnet, it is placed before the entrance of

Figure 3: Geometric configuration of the sieve slit used during g2p. The dimensions are in mm.
The two large holes is used to determine the orientation of the sieve slit. The diameter is 1.4 mm
and 2.7 mm for the normal holes and the large holes respectively.
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the magnet). A diagram of the sieve slit used in the g2p experiment is shown in Figure 3. The
sieve has several holes that are arranged in a grid pattern with well-defined horizontal and vertical
coordinates xsieve and ysieve (in TCS) which covers the angular acceptance. The in-plane angle φtg
and the out-of-plane angle θtg can be expressed as:
xsieve + Dx + ybeam
L − zreact cos(θ0 ) − xbeam sin(θ0 )
ysieve + Dy − xbeam cos(θ0 ) + zreact sin(θ0 )
=
,
L − zreact cos(θ0 ) − xbeam sin(θ0 )

θtg =

(13)

φtg

(14)

where θ0 is the spectrometer central angle, L is the distance from the sieve slit to the TCS origin
and the Dx and Dy are the vertical and horizontal deviations of the spectrometer central ray to the
HCS origin respectively. L, Dx and Dy can be directly surveyed. The spectrometer central angle
can be calculated from the geometries of the sieve slit and the target or by performing a pointing
measurement using differential recoil in elastic scattering of different nuclei [7]. More details of the
calculation of the central angle can be found in reference [8]. The spatial coordinates xtg and ytg
can also be expressed as survey results:

xtg = xsieve − Lθtg

(15)

ytg = ysieve − Lφtg .

(16)

Once the TCS coordinates of the particle is determined, the scattering angle can be calculated
out:


θscat = arccos 



cos(θ0 ) − φtg sin(θ0 ) 
q
.
2 + φ2
1 + θtg
tg

(17)

To calibrate δ, some well-known physics process can be used to determine the momentum of the
detected particle. Take elastic scattering as example, the scattering momentum can be expressed
as:
P (M, θ) = E 0 =

E
,
1 + E/M (1 − cos(θ))

(18)

where E is the beam energy, M is the target mass and θ is the scattering angle. Therefore, the
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target variable δ can be obtained from P and the spectrometer central momentum P0 by Eq. (9).
The momentum of the elastic scattered electrons is difficult to change, to cover the acceptance of
the δ, several different P0 values are used during the data collection to perform a delta scan. The
lost energy of the scattered electrons due to the radiation effect when the electrons pass through
the target material is considered as a correction to δ.
As mentioned above, these target variables calculated from survey results are assumed to be the
actual value of the events in the data set collected with the sieve slit. The optics matrix elements
are then obtained by the minimization of the aberration functions:
0
W
i j k l
ijkl Cijkl xfp θfp yfp φfp − W

"P
∆(W ) =

X

s
σW

s

#2
,

(19)

where s is the total number of the events measured for optics calibration, W can be any target
variables δ, θtg , ytg or φtg and W0 is the corresponding reference variable calculated from survey
results. A C++ package based on the Hall A Analyzer [9] is developed to do this optimization,
which is adopted from N. Liyanage’s original code [5] for ESPACE [10]. The core of this package
is the MIGRAD algorithm in the TMinuit package of ROOT [11]. The magnetic field simulation
package SNAKE is used to generate an initial optics matrix for the optimization. The package also
contains a script for users to select events for optimization and some test scripts to compare the
survey calculations with the reconstructed target variables.

2.4

Target Field

The g2p experiment uses a polarized NH3 target, which contains a pair of super-conducting Helmholtz
coils to provide a strong field to polarize the target. Figure 4 is the top view of the target and its
container. The field map of these coils has been directly calculated by applying the Biot-Savart law
to their current density distribution. To estimate the uncertainty of this calculation, a measurement
of the target field is performed during the experiment. The result indicates that the relative uncertainty of this field map is less than 1.2% over the whole field region. More details can be found in
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Figure 4: Diagram of the target chamber.
reference [12]. The field map is calculated under 5.0 T case and is scaled by 0.5 when used in the
2.5 T settings.
As mentioned in Section 2.3, the most important step during the optimization is to determine
the target plane variables without the optics matrix. If there is no target field, the calculation is
only linear projection and is straight forward. The linear projection is broken by the target field
since the trajectory of the scattered electrons is a curve in the field.
A simulation package is developed to study the behavior of the scattered electrons in the target
field. In order to do this, the equation of motion of the scattered electrons is integrated in the
target field. The package uses the Runge-Kutta-Nyström (RKN) method to do the integration.
The trajectory of the electrons is approximated by chords in the integration method. For each
chord, the deviation between its middle point and the real curve is also estimated by RKN method.
The step size of the integration is adjusted dynamically to limit the integration uncertainty less
than 0.5 mm.
Other than the correction to δ, the radiation effects also changes the trajectory of the scattered
electron when target field exists since the momentum of the electron decreases during the motion
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due to the energy loss. This effect is also calculated in the simulation package. More details of the
radiation effects can be found in reference [13].
With the help of the simulation package, the motion of the scattered electron in the target field
region can be isolated. Since the field strength has dropped to less than 10 Gauss at the middle
of the sieve slit, the sieve slit is taken as the edge of the target field region. Thus, the motion is
separated to two parts, the first segment is from the interaction point to the sieve slit, where the
trajectory can be calculated from the equation of motion, and the other segment is from the sieve
slit to the focal plane, which can be described by the optics matrix.

2.5

Matrix Optimization Revised

The original optimization procedure is adjusted when target field exists. The reference values W0 in
Eq. (19) can not be directly calculated from the survey results in this case. The new reference values
is determined with the help of the simulation package. The procedure to calculate new reference
values involves the following steps:

1. Select an elastic event, determine the coordinates of its interaction point (xreact , yreact , zreact )
and the coordinates of the sieve hole which it passes through (xsieve , ysieve );
2. Randomly generate a pair of scattering angles in TCS (θtest , φtest ) and use Eqs. (17) and (18)
to calculate the momentum Pelastic of the elastic scattered electron with this scattering angle;
3. Set (xbeam , ybeam , zreact ) as start point and set the Pelastic and (θtest , φtest ) as the magnitude
and direction of the momentum respectively, use the simulation package to generate a trajectory from the start point to sieve slit, assume the coordinates of the intersection point of this
trajectory and the sieve slit are (xdrift , ydrift );
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Figure 5: Determine the new reference values for the optics optimization with simulation. The red
trajectory is determined in step 3 and 4.
4. Compare (xdrift , ydrift ) with (xsieve , ysieve ), calculate the new test scattering angle:
(xdrift − xsieve )/L
2
(y
−
ysieve )/L
drift
old
,
= φtest
+
2

new
old
θtest
= θtest
+

(20)

new
φtest

(21)

where L is the distance from the sieve slit to the TCS origin;
5. Repeat step 3 and 4 until the deviation between point (xdrift , ydrift ) and the sieve hole position
(xsieve , ysieve ) is less than the preset tolerance;
6. The trajectory obtained in the final step passes the interaction point and the same sieve hole
as the electron passes, the step 3 assures it simulates a elastic electron. Thus it is the ideal
trajectory for this particular event. If the coordinates of this trajectory at its intersection
point with the sieve slit is defined as (xdrift , θdrift , ydrift , φdrift ), the new reference values for
the optimization can be obtained by projecting them to the target plane linearly:

xref = xdrift − Lθdrift

and

θref = θdrift

(22)

yref = ydrift − Lφdrift

and

φref = φdrift .

(23)

Once the new reference values is determined, the same algorithm in Section 2.3 can be used
to do the optimization. A set of Python scripts is added into the original optimization package to
calculate the reference values from the survey results with the simulation package. The optimization
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package is also updated to replace the linear-projected reference values with the new values from
the simulation.

3

Experimental Technique and Results

3.1

Required Data

Table 1 summarizes the beam energy and the target field configuration for all kinematic settings
of the g2p experiment. Unfortunately, the septum magnet burned twice during the experiment.
A few turns of coil in the septum were bypassed to fix it, which leads to three different septum
configurations. They are labeled by the number of the coil turns: “48-48-16” for the original septum,
“40-32-16” for the septum burned once and “40-00-16” for the worst case. The septum configuration
for each kinematic setting is listed in the septum column of Table 1.
The polarized NH3 target used in the g2p experiment need to be cooled down to 1K in a liquid
He (LHe) bath. The LHe container is a cylinder and the diameter is only 42.0 mm. Thus, the length
of the target along z axis in HCS is only 28.3 mm. As mentioned in Section 2.3, a set of foil target
is used to cover the ytg acceptance typically. But at 5.7◦ , the typical position resolution 4.0 mm [1]
is reduced by a factor of 10, which means that the multiple foils installed in the 28.3 mm target cell

Beam Energy
(GeV)
1
2
3
4
5
6
7
8

2.254
2.254
2.254
1.706
1.158
2.254
2.254
3.350

Field
Strength
(T)
0.0
2.5
2.5
2.5
2.5
5.0
5.0
5.0

Field Angle

Septum

Foil Location
(mm)

N/A
90◦
90◦
90◦
90◦
0◦
90◦
90◦

48-48-16
48-48-16
40-32-16
40-00-16
40-00-16
40-00-16
40-00-16
40-00-16

-13.6
-13.6
-13.6
-13.6
-13.6
-12.5
-12.5
-12.5

Table 1: Beam energy and target field configurations for g2p experiment. The septum configuration
and the location of the carbon foil optics target are also listed in this table.
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can not be distinguished by the spectrometer. Thus, only one carbon foil is used to collect optics
data. The thickness of the carbon foil is 40 mil (1.016 mm) for setting 1∼5 in Table 1 and 125 mil
(3.175 mm) for the other settings. The foil locations (zreact in Eqs. (13) and (14)) are given in the
foil column in Table 1. To reduce the radiation effect, the LHe in the LHe container is vapored and
pumped out when collecting the optics data.
The diagram of the sieve slit used to take collimator data is shown in Figure 3. There are 49
holes in a 7×7 grid pattern with two holes larger than the others. The large holes are used to
determine the orientation of the image of the sieve slit. The horizontal distance between the four
columns closest to the beam is larger than the distance between the other three columns. This can
also be used to determine the orientation in the image. The survey information of the sieve slit is
used to calculate the offsets of the central hole from its ideal positions. The xsieve and ysieve for each
sieve hole is calculated from these offsets and the relative position to the center of the sieve slit. As
calculated from the survey result [14, 15], the horizontal offset is 0.0 mm and the vertical offset is
-0.2 mm.
The beam position xbeam and ybeam is determined by BPMs. The details of the calibration of
the BPMs can be found in reference [16]. Because of the target field, the beam is not a straight line
in the g2p experiment. The incident angle of the beam at the target can be obtained from the BPM
readouts, which can be expressed as the polar angle θbeam and the azimuth angle φbeam in HCS.
The scattering angle is the angle between the incident beam and the trajectory of the scattered
electron, which can be calculated via two auxiliary vectors:
~ = (sin(θbeam ) cos(φbeam ), sin(θbeam ) sin(φbeam ), cos(θbeam ))
A
~ = (φtg cos(θ0 ) + sin(θ0 ), −θtg , cos(θ0 ) − φtg sin(θ0 ))
B
θscat =

~·B
~
A
,
~ B|
~
|A||

(24)

where θ0 is the spectrometer central angle, and the θtg and φtg is the tangent of the angle to keep
consistent with the definition in TCS. Eq. (17) only works for the straight beam, it should be
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replaced with Eq. (24) when the beam has incident angle.
Delta scan is performed at ±3%, ±2%, ±1% and 0% of the elastic momentum for each configuration except for the one with 3.350 GeV beam energy. The elastic scattered electrons can not pass
through the septum magnet even if the septum current is set to its upper limit. Since only one foil
of carbon target is used in the experiment, the incident beam position is adjusted manually by a
few millimeters to perform a beam position scan to increase the ytg acceptance coverage. Assume
the original beam position is (0,0), beam position is performed at (0, ±4 mm) and (±4 mm,0). The
actual beam positions should be read from BPM.

3.2

Optimization Results

The optics matrix are optimized for each beam energy and target field configurations listed in
Table 1 except for 3.350 GeV. The procedure discussed in Section 2.5 is followed. In this section,
the event selection and optimization results is discussed. The data collected with 1.706 GeV beam
energy and 2.5 T transverse target field is taken as an example.
Before the optics study, the initial matrix generated by SNAKE as mentioned in Section 2.3 is

Figure 6: The foil cut (left) and the focal plane cut (right).
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used to reconstruct the target variables of the optics data. These target variables are used to make
cuts. The data need to be selected by applying several different kinds of cut. Although the carbon
foil data is relatively clean, it still can be diluted by the electrons scattered by the windows on the
target chamber. These events can be removed by applying a foil cut on ytg or a cut on the focal
plane variable yfp since only one foil is used. The focal plane cut and ytg cut are shown in Figure 6.
The foil cut is selected for convenience. After the foil cut is made, a set of cuts on target variable θtg
and φtg is made for each hole in the sieve slit. And for each sieve hole, a cut on relative momentum
δ is made to select the elastic events. Since ytg acceptance is covered by the beam position scan
instead of using multiple foils of target, a beam position cut on xbeam and xbeam is also performed to
select data with the proper beam position. The cutting process is repeated for each delta scan and
beam position scan configurations. Each cut is assigned with an identification number and saved to
separate files.
The optimization package uses the saved cuts to select events. The FCS coordinates, positions
and angles of the beam and the identification number of the cut for selected events are recorded into
a ASCII file. The script mentioned in Section 2.5 uses the file as input to calculate the reference
values for optimization, and append the reference values to the focal plane variables for each event
in the file. For example, the reference values of θtg and φtg for 1.706 GeV configuration is shown in
Figure 7. The focal plane variables and the reference values are read by the updated optimization
program from the file to optimize the optics matrix.
The angular components of the optics matrix are optimized first. The optimized matrix is
used to reconstruct the target variables. The sieve pattern is generated by the projection of the
reconstructed θtg and φtg from the interaction point to the sieve slit plane. The sieve pattern for
the 1.706 GeV data is shown in Figure 8. The nominal position of the sieve holes are indicated by
the cross points of the grids in the plots.
Next step is the momentum calibration. A shown in Eq. (18), the momentum of the elastic
scattered electron depends on the scattering angle. Since the sieve slit covers a wide angle range,
the scattering angles of the electrons passing through different sieve holes are different. The elastic
16

Figure 7: The reference values of θtg and φtg for optimization (left) and the corresponding actual
target plane angle at the reaction point (right).
peak will be broaden by this effect, which will influence the resolution of the optimization. Thus, a
new variable is defined to remove the angular dependence of δ:

δkin = δ −

P (M, θ) − P (M, θ0 )
,
P0

(25)

where θ0 is the spectrometer central angle and θ is the scattering angle. The last term is defined as
Pcorr :
δ = δkin + Pcorr (M, θ).

(26)

Pcorr only depends on the target material and the scattering angle. In practice, Pcorr is calculated
with the survey result and the beam positions before the optimization start. During the optimization, the saved Pcorr can be used to convert the δ to δkin with almost no addition cost. Events from
different sieve holes can be optimized together if this correction is applied. The δkin calibration
results for 1.706 GeV data is shown in Figure 9. The nominal position of the δkin are indicated by
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Figure 8: Sieve Pattern for 1.706 GeV data. The patterns of different delta scan are shown in
separate plots. The three plots in the top row is delta scans with −3% (left), −2% (center) and
−1% (right) of the elastic momentum, the center row is delta scans with 0% (left), +1% (center)
and +2% (right), the bottom row is delta scan with +3%. The cross points of the grids in the plots
are used to indicate the actual positions of the sieve holes.
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Figure 9: The δkin calibration results for 1.706 GeV data. The peaks in the plot is the reconstructed
δkin from different delta scan configurations. Start from the left side, the spectrometer central
momentums are −3%, −2%, −1%, 0%, +1%, +2% and +3% of the elastic momentum respectively.
The magenta lines in the plots are used to indicate the actual value of the δkin .
magenta lines for each delta scan configurations.
In this section, only the optimization results for 1.706 GeV configuration is shown as example.
Similar plots is also generated for the other kinematic settings. These plots are summarized in
the optics section of g2p wiki: https://hallaweb.jlab.org/wiki/index.php?title=G2p_optics.
The optimization results for each configurations can be checked on this website.
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Reconstruction Procedure

Since the final purpose of the optics study is to reconstruct the kinematic variables for each event,
the reconstruction procedure is included as part of the optics study. If there is no target field,
the Hall A Analyzer is designed to read the optics matrix and calculate the target plane variables
directly for each event [9] and no addition process is required. However, this is not true if there is
target field.
Following the same logic in Section 2.4, the reconstruction procedure can also be completed in
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Figure 10: Reconstruction of the target kinematic variables.
two steps. The first step is to reconstruct the coordinates of the intersection point of the scattered
electron and the sieve slit plane, which can be obtained from the focal plane variables with the
optimized optics matrix. The second step is to determine the trajectory of the electron from the
sieve slit plane to the target with the simulation package. The detailed procedure to reconstruct
kinematic variables involves the following steps:

1. Select an event, apply the optics matrix to the focal plane coordinates (xfp , θfp , yfp , φfp ) to
calculate the relative momentum δ and the effective target angles θeff and φeff in TCS. In
practice, this step is proceed by the Hall A Analyzer;
2. Calculate the effective beam positions xeff and yeff in TCS from the actual beam positions
provided by BPMs. Combine with the angles obtained in step 1, the effective target variables
are (xeff , θeff , yeff , φeff );
3. Perform a linear projection of (xeff , θeff , yeff , φeff ) to the sieve slit plane, which is the z = L
plane in TCS, to obtain (xproj , θproj , yproj , φproj );
4. Set (xproj , yproj , zproj ) as the start point and set the δ and (θproj , φproj ) as the magnitude and
direction of the momentum respectively, use the simulation package to generate a trajectory
from the start point to the z = 0 plane in TCS, which gives the target variables of the selected
event (xtg , θtg , ytg , φtg ).

The effective beam positions used in step 2 is generated by adding a correction to the actual
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Figure 11: The relation between xeff − xbeam and the momentum of the scattered electron. The red
curve is the fit result of the function in Eq. (27).
HRS

Field

C0x (mm)

Left
Left
Left
Right
Right
Right

2.5 T at 90◦
5.0 T at 0◦
5.0 T at 90◦
2.5 T at 90◦
5.0 T at 0◦
5.0 T at 90◦

0.00
0.00
-0.04
0.00
0.00
-0.05

C1x
(mm·GeV/c)
3.14
-0.75
6.34
3.13
0.76
6.37

C0y (mm)
-0.09
0.16
-0.35
0.09
-0.15
0.35

C1y
(mm·GeV/c)
0.22
-0.40
0.86
-0.21
0.34
-0.85

Table 2: Fit parameters of the effective beam position correction.
beam positions. The correction is defined as xeff − xbeam , which is plotted in Figure 11 for 2.5 T
transverse target field setting as an example. Since the target used in the g2p experiment is short,
the correction of the effective beam position is dominated by the deviation of the linear projection
from the actual trajectory. The deviation indicates a strong correlation with the momentum P of
the scattered electron due to the target field. Thus, the xeff − xbeam data is fit as a function of P :

xeff − xbeam = C0 + C1 /P.

(27)

Similar expressions can be written for yeff and ybeam . The fit is performed for all of the three target
field configurations on both spectrometers. The fit parameters is summarized in Table 2.
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A Python script is developed to calculate the kinematic variables following the procedure described above. The original reconstruction script based on the Hall A analyzer is included in this
script as a preprocessor of the data.

References
[1] J. Alcorn et al., Nucl. Instr. Meth. Phys. Res. A 522, 294 (2004).
[2] A. Camsonne, J. P. Chen, D. Crabb and K. Slifer (spokespersons) et al., A Measurement of g2p
and the Longitudinal-Transverse Spin Polarizability, Jefferson Lab Experiment E08-027 (2008).
[3] V. Sulkosky, Spectrometer Optics Calibration for E97-110, E97-110 Technical Note, Jefferson
Lab (2005).
[4] T. Badman, Proton Polarization Studies and Uncertainty Analysis for E08-027, E08-027 Technical Note, Jefferson Lab (2013).
[5] N. Liyanage, Optics Calibration of the Hall A High Resolution Spectrometers using the new
optimizer, Technical Note, Jefferson Lab (2002).
[6] Y. Qiang, Ph.D. thesis, Massachusetts Institute of Technology (2007).
[7] N. Liyanage, K. Saenboonruang and R. Michaels, Q2 Measurement for PREX, E06-002 Technical Note, Jefferson Lab (2011).
[8] M. Huang, Central Scattering Angle Measurement, E08-027 Technical Note, Jefferson Lab
(2014).
[9] O. Hansen, Hall A C++ Analyzer Documentation, http://hallaweb.jlab.org/podd/doc/.
[10] ESPACE User’s Guide, http://hallaweb.jlab.org/espace/docs.html.
[11] ROOT User’s Guide, https://root.cern.ch/root-user-guides-and-manual/.

22

[12] C. Gu, Target Field Mapping and Uncertainty Estimation, E08-027 Technical Note, Jefferson
Lab (2015).
[13] J. Liu, Radiation Effects in Simulation, E08-027 Technical Note, Jefferson Lab (2015).
[14] Survey Report A1453, http://hallaweb.jlab.org/experiment/g2p/survey/.
[15] Survey Report A1465, http://hallaweb.jlab.org/experiment/g2p/survey/.
[16] P. Zhu et al., Nucl. Instr. Meth. Phys. Res. A 808, 1 (2016).

23

