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Optics Summary

Optics (1)
Coordinate Systems

The optics of the spectrometer serves to transform variables
from one set of coordinates to another

We have five coordinate systems:

Hall Coordinate System (HCS)
Target Coordinate System (TCS)
Detector Coordinate System (DCS)
Transport Coordinate System (TRCS)
Focal Plane Coordinate System (FCS)
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Optics Summary

Optics (2)
Coordinate Systems: Hall Coordinate System

The origin of the HCS is defined by the intersection of the e−

beam and the vertical symmetry axis of the target coordinate
system

L-H
RS

R-HRS

X

Y

Z

^

^

^

Incoming Beam

Beam Dump

0.8 m

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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Optics Summary

Optics (3)
Coordinate Systems: Target Coordinate System

The LHRS has its own TCS

ẑtg is defined by the spectrometer’s central ray passing through
the center of the sieve collimator

The sieve is placed right before the dipole magnet, used for
calibration purposes

Looking along the central ray, ŷtg points to the left, while x̂tg

points vertically down

See next slide for a diagram of the TCS
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Optics Summary

Optics (4)
Coordinate Systems: Target Coordinate System
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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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Optics Summary

Optics (5)
Coordinate Systems: Target Coordinate System

Careful examination of the previous slide reveals:

zreact = − (ytg +Dy)
cosφtg

sin (Θ0 + φtg)
+ xbeam cot (Θ0 + φtg)

ytg = ysieve − L tanφtg

xtg = xsieve − L tan θtg

xsieve = − tanφtg
zreact cos Θ0

cosφtg
− ybeam + L tan θtg

These quantities will be important for the check of our current
optics matrix, so we list them here
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Optics Summary

Optics (6)
Coordinate Systems: Detector Coordinate System

The intersection of wire #184 of plane u1 and the perpendicular
projection of wire #184 from the v1 plane forms the origin of the
DCS

ẑ points vertically up, with x̂ along the (longer) symmetry axis of
the lower VDC plane, away from the Hall center
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Figure A-3: Detector coordinate system (top and side views).
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Optics Summary

Optics (7)
Coordinate Systems: Transport Coordinate System

The TRCS is a rotated coordinate system, with the DCS rotated
clockwise about the ŷ-axis by 45◦

Ideally, ẑ of the TRCS coincides with the central ray of the
spectrometer

Serves as an intermediate stage to get from the DCS to FCS
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Figure A-4: Transport coordinate system.

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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Optics Summary

Optics (8)
Coordinate Systems: Focal Plane Coordinate System

Another rotated coordinate system

Due to the focusing of the magnets, particles incident on the
detector package at different angles that have the same |~p| will
be focused at the focal plane

Therefore, the relative momentum δ ≡ ∆p/p = (p− p0) /p0 is a
function of only xtr and p0

The FCS is obtained by rotating the DCS about its ŷ-axis
through an angle ρ (xtr) with the ẑ-axis parallel to the alertlocal
central ray

This has the condition θtg = φtg = 0 for a given δ, xtr
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Figure A-5: Rotating focal plane system.

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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Optics Summary

Optics (9)
Connecting the Coordinate Systems

For each event, the two angular coordinates (θdet, φdet) and two
spatial coordinates (xdet, ydet) are measured at the focal plane
(S1)

xdet, θdet give the position of the particle and the tangent of the
angle made by the trajectory along the vertical (dispersive)
direction
ydet, φdet give the position of the particle and the tangent of the
angle made by the trajectory along the horizontal (lateral) direction

Corrections to these variables are made to account for any
detector offsets from the ideal central ray, which yields the focal
plane coordinates (xfp, θfp, yfp, φfp)

The focal plane variables are then used to determine the
corresponding target system variables by use of the optics
matrix
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Optics Summary

Optics (10)
Optimization Matrix: First Order

The optics matrix transforms our variables from the detector
system to the target system

Allows for the realization of the full potential of the hardware

To first order, due to the mid-plane symmetery of the LHRS, we
have:

δ
θ
y
φ


tg

=


〈δ|x〉 〈δ|θ〉 0 0
〈θ|x〉 〈θ|θ〉 0 0

0 0 〈y|y〉 〈y|φ〉
0 0 〈φ|y〉 〈φ|φ〉

 ·


x
θ
y
φ


fp
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Optics Summary

Optics (11)
Optimization Matrix: Fourth Order

The optimization is usually performed to fourth order, using:
δ
θ
y
φ


tg

=


〈δ|x〉 〈δ|θ〉 〈δ|y〉 〈δ|φ〉
〈θ|x〉 〈θ|θ〉 〈θ|y〉 〈θ|φ〉
〈y|x〉 〈y|θ〉 〈y|y〉 〈y|φ〉
〈φ|x〉 〈φ|θ〉 〈φ|y〉 〈φ|φ〉

 ·


x
θ
y
φ


fp

The explicit equations for each variable take the form:

δ = Djklθ
j
fpy

k
fpφ

l
fp

θtg = Tjklθ
j
fpy

k
fpφ

l
fp

ytg = Yjklθ
j
fpy

k
fpφ

l
fp

φtg = Pjklθ
j
fpy

k
fpφ

l
fp
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Optics Summary

Optics (12)
Optimization Matrix: Fourth Order

The tensors Djkl, Tjkl, Yjkl, Pjkl are polynomials in xfp:

Djkl = CD
ijklx

i
fp

Tjkl = CT
ijklx

i
fp

Yjkl = CY
ijklx

i
fp

Pjkl = CP
ijklx

i
fp

We sum over repeated indices (pp. 11-12)
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Optics Summary

Optics (13)
Characteristic Plots

In order to test our current matrix, we need certain plots to see
how ‘aligned’ our coordinates are

We examine six plots:

zreact: shows the reaction vertex for each foil from the multi-Carbon
foil target is, as compared to the nominal (survey) values
θtg vs. φtg for each foil
ytg vs. φtg for each foil
dpkin for each foil: shows the elastic peak reconstruction when
performing a delta (momentum) scan on the Carbon target
xsieve vs. ysieve: shows how well the sieve is reconstructed w.r.t.
nominal values
p0(1 + δ) for each foil
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Optics Summary

What’s Next?

Investigate the significance behind a few of the plots I’ve
mentioned (θtg vs. φtg, ytg vs. φtg, p0(1 + δ)) as the phase space
plots seem to be superfluous w.r.t. xsieve vs. ysieve, and the latter
being superfluous w.r.t. the dpkin plot. . .

Get together needed data (dn
2 /transversity?) and generate the

plots mentioned
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