
Appendix A

Hall A HRS+Septum Optics

Database Calibration

The pair of Hall A septum magnets were firstly used during small angel GDH [67]

experiment in 2003. Due to an error of the installation, the left septum could not

bend scattered particles with designed 6 degrees. So, first complete set of optics data

was not taken until the Hall A hyper-nuclear [66] experiment started in December

2003. This chapter will describe the new C++ method used in the first HRS+Septum

optics matrix optimization.

A.1 Intrduction to HRS+Spetum Optics

The optics of spectrometers is not traditional “optics” for mirros and lens. It’s more

like a matrix transforming variables from detector system to target system. In other

words, optics is the software part of a spectrometer system which releases the full

potential of the hardware.

A.1.1 Hall A coordinate conventions

In this section, a short overview of Hall A coordinate conventions is presented. For

more details, they can be found in reference [106, 107]. All coordinate systems pre-
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Figure A-1: Hall coordinate system (top view).

sented are Cartesian. Note that a reference to an angular coordinate in this section

should be taken to refer to the tangent of the angle in question.

Hall Coordinate System (HCS)

The origin of the HCS is defined by the intersection of the electron beam and the

vertical symmetry axis of the target system. As described in section 2.6, due to the

installation of septum magnet the center is displace by 0.8 m upstream from the

geometry center of Hall A. Direction ẑ is along the beam line and points to the beam

dump, ŷ is vertically up and x̂ is to the right facing the beam. See Figure A-1.

Target Coordinate System (TCS)

Each of the HRS is bundled with its own TCS. The central ray vertically passing

through the center of sieve collimator1 away from target defines the ztg axis of the

TCS for a given spectrometer. The ŷtg is pointing to the right and x̂tg is vertically

down facing the central ray. See Figure A-2. In the ideal case where the spectrometer

is pointing directly at the hall center and the sieve slit is perfectly centered on the

1The sieve slit is placed before the entrance of septum magnet. It is used to replace normal single
hole collimator for optics calibration purpose. The plot of sieve hole can be found in Figure A.2.2.
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Figure A-2: Target coordinate system (top and side views).

spectrometer, the TCS has the same origin as HCS. However it typically deviates

from HCS center by Dy and Dx in horizontal and vertical directions in TCS. And

these shifts are given by survay. The distance of midpoint of the collimator from the

TCS origin is defined to be a constant L for the spectrometer. The out-of-plane angle

(θtg) ang the in-plane angle (φtg) are given by dxsieve/L and dysieve/L.

The TCS virables are used to calculate scattering angles and reaction points along

the beam. Combined with beam variables (measured in the Hall coordinate system)

the scattering angle and reaction point are given by

θscat = arccos(
cos(θ0) − φtgsin(θ0)√

1 + θ2
tg + φ2

tg

) (A.1)

zreact =
−(ytg + Dy) + xbeam(cos(θ0) − φtgsin(θ0))

cos(θ0)φtg + sin(θ0)
, (A.2)
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where θ0 denotes the spectrometer central angle. The in-plane and out-of-plane

angles can be determined using sieve hole positions:

φtg =
ysieve + Dy − xbeamcos(θ0) + zreactsin(θ0)

L − zreactcos(θ0) − xbeamsin(θ0)
(A.3)

θtg =
xsieve + Dx + ybeam

L − zreactcos(θ0) − xbeamsin(θ0)
. (A.4)

Furthermore,

ytg = ysieve − Lφtg (A.5)

xtg = xsieve − Lθtg. (A.6)

Detector Coordinate System (DCS)

The intersection of wire 184 of the VDC1 U1 plane and the perpendicular projection

of wire 184 in the VDC1 V1 plane onto the VDC U1 plane defines the origin of the

DCS. ẑ is perpendicular to the VDC planes pointing verically up, x̂ is along the long

sysmmetry axis of lower VDC pointing away from the hall center (See Figure A-3).

Using the trajectory intersection points pn (where n = U1, V1, U2, V2) with the

four VDC planes, the coordinates of the detector vertex can be calculated according

to

tan(η1) =
pU2 − pU1

d2

(A.7)

tan(η2) =
pV2 − pV1

d2

(A.8)

θdet =
1√
2
(tan(η1) + tan(η2)) (A.9)

φdet =
1√
2
(−tan(η1) + tan(η2)) (A.10)

xdet =
1√
2
(pU1 + pV1 − d1tan(η2)) (A.11)

ydet =
1√
2
(−pU1 + pV1 − d1tan(η2)). (A.12)
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Transport Coordinate System (TRCS)

The TRCS at the focal plane is generated by rotating the DCS clockwise around its

y-sxis by 45 degrees. It’s typically used as a mediate stage from DCS to the FCS

which will be described in next section. Ideally, the ẑ of the TRCS coincides with

the central ray of the spectrometer. The transport coordinates can be experessed in

terms of the detector coordinates by

θtra =
θdet + tan(ρ0)

1 − θdettan(ρ0)
(A.13)

φtra =
φdet

cos(ρ0) − θdetsin(ρ0)
(A.14)

xtra = xdetcos(ρ0)(1 + θtratan(ρ0)) (A.15)

ytra = ydet + sin(ρ0)φtraxdet, (A.16)

where ρ0 = −45◦ is the rotation angle, see Figure A-4.

Transport Coordinate System (TRCS)

The focal plane coordinate system (FCS) chosen for the HRS analysis is a rotated

coordinate system. Because of the focusing of HRS magnet system, particles from

different scattering angles with same momentum will be focused at the focal plane.

Therefore, the relative momentum to the central momentum of the spectrometer
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selected by magnet settings,

δ =
∆p

p0

=
p − p0

p0

, (A.17)

is approximately only a function of xtra and p0 in the formular stands for the central

momentum setting of HRS and Septum. And the FCS is obtained by rotating the

DCS around its y-axis by an varying angle ρ(xtra) to have the new ẑ axis paralell to

the local central ray, which has scattering angle θtg = φtg = 0 for the corresponding

δ at position xtra. In this rotated coordinate system, the dispersive angle θfp is small

for all points across the focal plane and approximately symmetric with θfp = 0. Such

symmetry will greatly simply the further optics optimization.

With proper systematic offsets added, the coordinates of focal plane vertex can

be written as follows:

xfp = xtra (A.18)

tan(ρ) =
∑

ti000x
i
fp (A.19)

yfp = ytra −
∑

yi000x
i
fp (A.20)

θfp =
xdet + tan(ρ)

1 − θdettan(ρ)
(A.21)

φfp =
φdet −

∑
pi000x

i
fp

cos(ρ0) − θdetsin(ρ0)
. (A.22)

The transfer is not unitary and we have xfp equal to xtra for simplicity.
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A.1.2 Matrix Approach

For each event, two angular coordinates (θdet and φdet) and two spatial coordinates

(xdet and ydet) are measured at the focal plane detectors. The position of the particle

and the tangent of the angle made by its trajectory along the dispesive direction

are given by xdet and θdet, while ydet and φdet give the position ang tangent of the

angle perpendicular to the dispersive direction. These variables are corrected for any

detector offsets from the ideal central ray of the spectrometer to obtain the focal plane

coordinates xfp, θfp, yfp and φfp. The focal plane observables are used to calculate θ,

φ, y and δ at in the target system by matrix inversion.

The first order of such optics matrix can be expressed as,




δ

θ

y

φ




tg

=




〈δ|x〉 〈δ|θ〉 0 0

〈θ|x〉 〈δ|θ〉 0 0

0 0 〈y|y〉 〈y|φ〉
0 0 〈φ|y〉 〈φ|φ〉




·




x

θ

y

φ




fp

. (A.23)

The null tensor elements result from the mid-plane symmetry of the spectrometer.

In parctice, the expansion of the focal plane coordinates is performed up to the

fifth order. A set of tensors Djkl,Tjkl,Yjkl and Pjkl links the focal plane coordinates

to target coordinates according to [108]

δ =
∑

j,k,l

Djklθ
j
fpy

k
fpφ

l
fp (A.24)

θtg =
∑

j,k,l

Tjklθ
j
fpy

k
fpφ

l
fp (A.25)

ytg =
∑

j,k,l

Yjklθ
j
fpy

k
fpφ

l
fp (A.26)

φtg =
∑

j,k,l

Pjklθ
j
fpy

k
fpφ

l
fp, (A.27)

where the tensors Djkl,Tjkl,Yjkl and Pjkl are polynomials in xfp. For example,

Djkl =
m∑

i=0

CD
ijklx

i
fp. (A.28)
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A.2 Experimental and Optimization Procedure

A.2.1 Experiment

A full optimization of optics database requires sets of data with wide coverage on

corresponding acceptance: δ in momentum, φtg and θtg in solid angle and ytg for ex-

tended target. Other than reconstructed from detector variables the target variables’

values in such experiments should also be obtained in other precise ways such as

well known physics process: elestic scattering, nuclear excitation spectra or survey:

target position, collimator sieve pattern. The ways are selected depending on which

elements we want to optimize. Such kind of data were collected by performing the

following series of calibration measurements.

• The first set of experiment were focused on angular and momentum calibration.

1. A fixed energy 2037.2 MeV electron beam was incident on target. Two

types of targets were used. One was typical 1 mm thick carbon and an-

other one was a waterfall target build by INFN [109]. It contains a single

waterfall with thickness around 5 mm and two 150 µm Be windows spaced

by 224 mm as shown in Figure A-6.
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2. Both HRS were positioned at 6 degrees. A pair of sieve slits with pre-

cisely drilled holes was used as collimators for the angular calibration, see

Figure A.2.2.

3. The central momentum of both spectrometers was adjusted so that it will

deviate from the momentum of elastically scattered electrons at 6 degrees

by a few percent. This deviation was varied from +4.5% to -4.5% in steps

of 1.3%. At each step measurements were taken with both targets with

and without sieve slits. We call such sweep a delta scan. The idea of delta

scan is trying to minimize the changes applied to the beam energy. By

only changing the magnetic settings of the spectrometers, we are still able

to scan the whole momentum acceptance.

• The second set of experiment was used to optimize y elements.

1. Three sets of carbon targets were used in this measurement. Except the

single foil carbon target, the other two targets had two carbon foils spaced

by 10 and 24 cm.

2. A 3776.86 MeV electron beam was incident on target. Both spectromers

were set to collect inelastic scattering events, left arm at 1.96 GeV/c and

right arm at 1.57 GeV/c.

During the calibration procedure, the raster was always turned off and the position

of the beam on the target was kept within 100 µm away from the ideal beam line. As

a result, the intersection point of the beam with the thin target foil provided a point

target (to with the spectrometer resolution).

The following position and distances were then surveyed:

• the target position,

• the spectrometer central angles, and

• the position of the sieve slit center with respect to the spectrometer central axis.
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A.2.2 Optimization Procedure and results

The major optics optimization procedure is illustrated in Figure A-7. The core pro-

gram “Optimize++” was adopted from N. Liyanga’s code [107] for ESPACE [110]

optics database. Some new features and scripts were integrated to comply the new

Hall A C++ Analyzer [85].

The optimization begin with an initial optics database generated by magnetic

field simulation using SNAKE [111]. The core of the optimization program is the

TMinuit package of ROOT [86]. This package will vary the optics matrix parameters

to minimize the variance σ2 of reconstructed data from their actual values. And the

variance is calculated in the following way:

σ2(x) =
m∑

i=1

n∑

j=1

(xrecon.
i,j − xsurvey

i )2, (A.29)

where x can be any target variables, θtg, φtg, xtg or δ, m is the total number of grid

points measured in corresponding acceptance and n is number of events sampled for

each point.

Sieve Pattern Reconstruction

The angular part of optics matrix was optimized firstly because the ytg reconstruction

and the elestic scattering momentum calculation are depending on the angles. The

results from surveys were used to calculate the θtg and φtg of each hole.

The left figure shows the design of sieve slit, and the large holes are used to

identify the orientation of the image at the focal plane. The right two plots show

the improvement of the angluar resonstruction from left HRS after optimization. As

a result, we got θtg (out-of-plane angle) reconstruted with a resolution of 4 mrad

FWHM and φtg (in-plane angle) with 1.5 mrad.

Momentum delta scan

The momentum calibration requires precise measurement of spectrometer central mo-

mentum. With the constants determined in reference [112] the central momentum of
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Figure A-7: Basic procedure for HRS+Septum optics optimization.
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Figure A-8: Sieve Pattern Recostruction.

each settings were calculated using magnet field readouts from dipoles.

One issue in the elastic peak reconstruction is the angular dependence. The elas-

tically scattered electron has energy (omit the electron’s mass):

p(M, θ) = E ′ =
E

1 + E/M(1 − cos(θ))
, (A.30)

where E is incoming electron energy, M is target mass and θ is scattering angle. So

the our solid angle acceptance, the elastic peak will be broadened by this dependence

and the effect becomes larger for lighter target elements. To remove such effect, a

new variable called dpkin is defined by

dpkin = dp − p(M, θscat) − p(M, θ0)

p0
, (A.31)

where the scattering angle θscat is calculated using formula (A.1) and θ0 is the central

angle of spectrometer.

Figure A-9 shows the effect of this dpkin correction in the water fall target elastic

scattering. The hydrogen elastic peak after the correction can finaly be clearly iden-

tified. Of course, this method is only valid for elastic scattering from known targets.
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Figure A-9: dpkin correction on elastic scattering from waterfall target.

Figure A-10 shows the results of a set of delta scan on Carbon target reconstructed

using left HRS data.

The final relative momentum resolution is better than 2×10−4.

Multi-foil targets

The ytg optimization improved the transverse position resolution in target system to

2.5 mm FWHM, and it’s corresponding to a 2.5 cm FWHM resolution of reaction

point along beam in the 6 degrees configuration. The results are shown in Figure A-11.
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Figure A-10: Left HRS elestic peaks’ reconstruction in a delta scan on Carbon target.
The top plots show the absolute position of the peaks, the bottom plots show the
deviation of reconstructed data from true values and the error bars show the resolution
σ of those peaks.
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Figure A-11: Reaction positions reconstruction using multi-foil targets.
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