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ABSTRACT

Neutron Arm Study and Calibration for the Gn
E Experiment at Thomas

Jefferson National Laboratory

by

Timothy Ngo

The measurement of the neutron electric form factor, Gn
E, will allow us to

solve indirectly for the quark charge distribution inside of the neutron. At

Jefferson Lab we have measured Gn
E at four-momentum transfer values of Q2

at 1.3, 2.4 and 3.4 (GeV/c)2 using a polarized electron beam and polarized

Helium target. The scattered electrons off of the Helium target are detected

in the BigBite spectrometer and the scattered neutrons from the Helium are

detected in the Neutron Arm, which is composed of an array of scintillators.

The main focus of this thesis will be devoted to my work on the geometry,

timing and energy calibrations of the Neutron Arm.
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1 INTRODUCTION

The mass of visible matter strewn across the universe is due mostly to

protons and neutrons, so understanding the internal structure of these particles

will allow us better to comprehend how the physical universe came to be. It

has been known for many years that protons and neutrons are not fundamental

particles, but are instead made up of smaller particles called quarks. Protons

and neutrons both have three quarks that can carry electric charge, of −1
3
e for

the down quark and +2
3
e for the up quark, where -1e is the unit charge for an

electron. In protons there are two up quarks and one down quark giving them

a total electric charge of +1e whereas neutrons have two down quarks and one

up quark and thus have charge equal to zero. The motion of these charged

quarks contributes to the gyro-magnetic moment of the nucleon. Although

knowledge of the existence of quarks has been firmly established, the quark

distribution in the nucleon is still debatable.

In order to gain better insight into the quark distribution in nucleons we

look to their charge density ρch(r), and the magnetic density ρm(r). In the

Breit frame, where the square of the three-momentum transfer of the virtual

photon, q2, is equal to the square of the Lorentz invariant four-momentum

transfer of the virtual photon, Q2, the charge and magnetic densities are

Fourier transforms of the Sachs form factors, GE and GM , which are defined

as

GE = F1(Q
2)− τκF2(Q

2) and (1)

1



GM = F1(Q
2) + κF2(Q

2), (2)

where F1(Q
2) is the Dirac Form Factor and F2(Q

2) is the Pauli form factor.

The anomalous magnetic moment is parametrized by κ different from 1 and

τ = Q2

4m2
N

is a dimensionless measure of the squared four-momentum transfer in

units of the nucleon rest mass, mN . The best way experimentally to obtain the

values of GE and GM is through charged lepton, or electron scattering from

nuclei. This is due to the fact that the electromagnetic interaction of spin-1
2

leptons is a very well understood process through quantum electrodynamics

with experimental results that are in excellent agreement with this theory.

Since the leptonic vertex, see figure 1, is well understood it restricts all of

the uncertainties onto the hadronic vertex, thus making electron scattering an

excellent probe to gather information on the internal structure of the nucleons.
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Figure 1: Lowest order diagram for the exclusive electromagnetic (e,e’x)

electron scattering process in the one-photon approximation. In the figure

K and K’ are the four-momenta of the incident and scattered electrons,

Q is the four-momentum transfer of the virtual photon, Pi and Pf are

the initial and final four-momenta of the nucleus, and Px is the exclusive

particle. Figure courtesy of [1]

Another reason for using the charged lepton, or in this case electron scat-

tering, is due to the electromagnetic interaction itself, particularly the cou-

pling strength characterized by the fine structure constant α = e2

h̄c
which is

relatively small. Therefore only the lowest order process, the more dominant

single photon exchange process is traditionally considered and other higher

order processes are ignored. With the Sachs form factors the cross section for

the unpolarized elastic electron-nucleon scattering can be written using the

Rosenbluth form.
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(
dσ

dΩe

)
= σMott

(
G2

E + τG2
M

1 + τ
+ 2τG2

M tan2(θ/2)

)
. (3)

with

σMott = 4α2(h̄c)2E2
f

Q4
cos2(θ/2)

Ef

Ei

, (4)

where the Mott cross section describes the scattering from a point like spin-1
2

target and θ represents the electron scattering angle, Ei and Ef represent the

electron’s initial and final energy. Early measurements of the form factor at

moderate Q2 using the Rosenbluth technique established a form factor scaling

law that related three of the four nucleon form factors to the dipole in terms

of their Q2 dependence such that,

Gp
E(Q2) ≈ Gp

M(Q2)

µp

≈ Gn
M(Q2)

µn

≈ GD ≡ (1 + Q2/0.71)−2. (5)

However with new measurements using polarized electron beams the proton

form factors at Q2 up to 3.5 (GeV/c)2 have shown that above 1.0 (GeV/c)2

the scaling laws are inconsistent with the dipole form.

Recent experiments at Jefferson Laboratory [2], [3] using double polariza-

tion techniques, in which the electron beam and the target are both polarized,

found that the ratio of
µGp

E

Gp
M

shows a steep decline above 1.0 (GeV/c)2 where the

scaling laws predict an approximately constant value as Q2 is increased, see

4



Fig 2. The mechanisms causing this behavior in the proton within this regime

of Q2 may also play a role in the neutron. However, measurements pertaining

to the form factors of the neutron are extremely limited. This limitation is

due to the lack of a free neutron target and the dominance of Gn
M over Gn

E.

New experiments using a double polarization method have made it possible to

measure the neutron form factors with greater certainty at higher Q2 as shown

in the experiments at Mainz [4], [5], [6], and Bates [7]. Currently Gn
M is being

analyzed bringing our knowledge of this form factor up to Q2 = 4.8 (GeV/c)2

and Gn
E is currently measured up to Q2 = 1.5 (GeV/c)2.

Even as experiments are being built to expand our understanding of Gn
E,

new studies are contradicting our understanding of what Gn
E is supposed to be.

A recent model-independent analysis of the internal structure of the neutron

shows that it contains a negative central charge density as well as a long

negative tail, contrasting the expectation of a positive central charge density

due to the negative pion cloud [8]. It is in this light that we now look to the use

of double polarization polarized experiments to extract Gn
E and Gn

E at higher

Q2 with greater certainty, see figure 3.
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Figure 2: Various experimental results for µGp
E

Gp
M

Figure 3: Various experimental results for Gn
E
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2 PHYSICS

In using electron scattering on nuclei there are either inclusive or exclusive

electron scattering measurements. Inclusive scattering is when only the elec-

tron is detected after it interacts with the nuclei whereas exclusive electron

scattering requires some particle detected in coincidence with the scattered

electron. In either case, to extract the Sachs form factor we use the method

of Rosenbluth decomposition [9]. Due to different angular weights in equation

3, GE and GM can be separated by varying the kinematical conditions of the

incident and the scattered electrons, such as incident energy and scattering

angle, at a constant Q2 value.

In inclusive scattering experiments no information on the nuclei is recorded

after the interaction; only the form factors corresponding to the longitudinal

and transverse polarizations of the exchanged virtual photon can be obtained.

On the other hand with exclusive scattering where an additional particle is

detected in coincidence with the electron it is possible to obtain much more

information pertaining to nuclear structure.

It can be shown that by using unpolarized exclusive electron scattering, four

of the six nuclear response functions can be determined namely RL, RT , RTT

and RTL. The subscripts T and L correspond to the longitudinal and trans-

verse polarization of the virtual photon. If a polarized electron is used then a

fifth response function can be solved for by using the helicity to separate RTL′

from the unprimed response functions. The last response function, RT ′, can

be extracted from RTL′ but requires the use of a polarized hadronic target and

by varying the electron kinematics. The nuclear response functions contain all

7



the information relating to the nuclear structure.

Donnelly and Raskin [1], [10] provided a prescription to describe the cross

sections and asymmetries to obtain the form factors in doubly polarized elec-

tron scattering experiments. In the Born approximation the elastic electron-

nucleon scattering cross section can be written as a sum of two parts,

(
dσ

dΩe

)
h

= Σ + h∆ (6)

where h corresponds to the incoming electron helicity with a value of ±1. The

term Σ corresponds to the unpolarized elastic cross section, and ∆, which

is non-zero if the electron is longitudinally polarized, is the polarized cross

section.

The cross section written in terms of the nuclear response functions is,

(
dσ

dΩe

)
= σMottf

−1
rec{(νLRL + νT RT + νTT RTT + νTLRTL) (7)

+ h(+νT ′RT ′
+ νTL′RTL′

)}

≡ Σ + h∆.

where σMott is the Mott cross section equation 4. frec is the nuclear recoil

correction in the extreme relativistic limit,

8



frec = 1 +
Ek′ − E ′kcosθe

k′Mtarget

(8)

where k and k′ are the initial and final three-momenta of the electron.

The unpolarized electron-nucleon scattering cross section Σ for elastic scat-

tering off a free nucleon at rest is again the Rosenbluth form (equation 3). The

polarized part is given by

∆ = −2σM

√
τ

1 + τ
tan

(
θ

2

)

√√√√τ(1 + (1 + τ)tan2

(
θ

2

)
)cosθ?G2

M + sinθ?cosφ?GMGE

 , (9)

where θ? is the polar angle and φ? is the azimuthal angle of the target po-

larization in the laboratory frame with respect to the axis of the momentum

transfer.
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Figure 4: Kinematics and coordinate systems for the exclusive (e,e’x)

scattering process. Figure courtesy of [1]

In solving for Gn
E we look to the asymmetry Aphys for the electron nucleon

scattering cross section, which is defined as

Aphys =

(
dσ
dΩe

)
+
−
(

dσ
dΩe

)
−(

dσ
dΩe

)
+

+
(

dσ
dΩe

)
−

=
∆

Σ
. (10)

expanding the ∆ and Σ we then have,

Aphys = −
2
√

τ(τ + 1)tan
(

θ
2

)
Gn

EGn
Msinθ?cosφ?

(Gn
E)2 + (Gn

M)2(τ + 2τ(1 + τ)tan2
(

θ
2

)
)

−
2τ

√
1 + τ + (1 + τ)2tan2

(
θ
2

)
tan

(
θ
2

)
(Gn

M)2cosθ?

(Gn
E)2 + (Gn

M)2(τ + 2τ(1 + τ)tan2
(

θ
2

)
)

. (11)

The experimentally measured asymmetry Aexp will be reduced from this ideal

10



asymmetry due to the finite polarization of the electron beam, Pe, and the

neutrons in the 3He target, Pn, the dilution D of atoms other then 3He in the

target, and the dilution of events originating from random coincidences and

reactions other than quasi-elastic scattering expressed as V = (1+ N
S
)−1 where

N
S

is the noise to signal ratio. The experimentally measured asymmetry can

then be expressed as

Aexp = Pe · Pn ·D · V · Aphys, (12)

By aligning the target spin so that it is perpendicular to the momentum

transfer thus giving us the perpendicular asymmetry,

Aperp = −Gn
E

Gn
M

·
2
√

τ(τ + 1)tan
(

θ
2

)
(Gn

E/Gn
M)2 + (τ + 2τ(1 + τ)tan2

(
θ
2

)
)

(13)

is obtained. Since (Gn
E/Gn

M)2 is small compared to the second term of the

denominator, Gn
E is then nearly proportional to Aperp. To extract Gn

E out of

Aperp knowledge of Gn
M is required, which is now being analyzed up to Q2 =

4.8 (GeV/c)2.

In the Gn
E experiment we measure the electric form factor of the neutron

up to a momentum transfer of Q2 = 3.4 (GeV/c)2 using a polarized electron

beam and polarized target. This measurement of Gn
E at Q2 = 1.3, 2.4 and 3.4

(GeV/c)2 and the already existing data on the magnetic form factor of the neu-

tron Gn
M will give us a better picture of how the valence quarks are distributed

11



inside the neutron. Along with the polarized target and polarized beam, an

electron detector, BigBite, and neutron detector, Neutron Arm/BigHand, are

needed to track and detect events in coincidence. Although equation 13 sug-

gests that we need only measure the electron’s elastic scattering asymmetry,

in practice it is essential to detect the neutron in coincidence because we need

to be certain that the electron scattered off a neutron and not a proton. The

BigBite spectrometer is used for detection and track reconstruction of the

scattered electron, and as a trigger for the Neutron Arm, whereas the Neutron

Arm is used to detect the scattered neutrons and protons from the reaction.

My part on this experiment primarily dealt with the geometry, energy and

timing calibrations of the Neutron Arm and thus will comprise most of this

thesis, although I will also briefly describe other parts of the experiment and

its detectors.
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3 EXPERIMENTAL SETUP

The (Gn
E experiment took place in Hall A at Jefferson National Laboratory,

and took data from February 02, 2006 to May 12, 2006. The experiment is a

doubly polarized experiment in which a polarized electron beam provided by

the accelerator facility at Jefferson Laboratory, and a polarized neutron target

is used. The polarized electron beam can achieve an electron polarization of

about 75% and the polarized neutron target is obtained from a 3He target,

which can achieve a neutron polarization of up to 50%. To detect the scat-

tered electron with momenta between 1200-1500 MeV/c, we use the BigBite

spectrometer and calorimeter package, with has a solid angle acceptance of

about 76msr. To detect the scattered neutrons from the target the Neutron

Arm was built at Jefferson Laboratory to have a solid angle acceptance of

100msr at 8 meters. The Neutron Arm comprise of 340 scintillator bars ar-

ranged into nine separate planes. Each scintillator bar will have two PMTs

attached to the scintillator at the 2 ends. The Neutron Arm was optimized

to have the best efficiency for a neutron momentum of 2.58 GeV/c, which is

due to a incidental electron beam energy of 3.2 GeV, our highest Q2 point. A

figure of the experimental setup is shown in figure 5.

My contribution to the experiment, and the main focus of this thesis will

be centered around geometry, and the timing and energy calibration on the

Neutron Arm. The timing and energy calibrations will be done using long

tracks created by muons and protons through the Neutron Arm. I will also

briefly describe the target and the BigBite spectrometer and detector package.
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Figure 5: Layout of the experiment, not drawn to scale. Courtesy of
[11]

14



4 NEUTRON DETECTION

To detect neutrons in Gn
E, a large neutron detector referred to as the Neu-

tron Arm was built at Jefferson Laboratory. The size of the Neutron Arm as

a whole was 4.2x2.0x6.2m3 and was comprised of 340 scintillator bars, each

connected to two PMTs. The solid angle on the Neutron Arm is approxi-

mately 100msr at a distance of 8 meters. The Neutron Arm arm is built with

an aspect ratio of 1:2.5 is well matched with BigBite’s acceptance. The time

resolution is expected to be 0.3ns at a distance of 8 meters which leads to a

neutron momentum resolution of 250 MeV/c for a neutron momentum of 2.58

GeV/c [11]. This section will describe the geometry of this detector and how

it works.

4.1 SCINTILLATION DETECTORS

The Neutron Arm employs an array of scintillator bars of varying sizes to

detect protons and neutrons. Scintillation Detectors in the Neutron Arm are

made up of organic plastics and work by giving off light as charged particles

such as protons or charged pions deposit energy as they pass through them.

Neutrons will cause scintillators to emit light only when they hit a nucleus in

the shielding or the scintillator causing charged particles such as protons to

be ejected into the scintillator.

Because neutrons can not be directly detected, enough conversion material

such as lead must be placed in front of the detector so that there is a high

probability of the neutron interacting and causing a shower of secondary parti-

cles to traverse the scintillators. In order to calibrate scintillation detectors we

15



use cosmic muons that create vertical tracks in the Neutron Arm to calibrate

the PMTs, and protons from hydrogen and helium which create vertical tracks

in the Neutron Arm to calibrate the timing.

To read out the amount of light emitted by the scintillator bars we attach

photomultiplier tubes (PMTs) to both ends of the scintillator bars, which serve

to amplify and digitize the light signal. These signals can then be used to give

us both the amplitude of the signal using an Analog-To-Digital Converter,

which correlates to the energy deposited by the particle passing through the

scintillator, and the time when the particle passes through the detector, using

a Time-To-Digital Converter (TDC).

4.2 NEUTRON ARM

The scintillator shapes used were long and rectangular, a shape which

would provide a high light collection efficiency[12]. PMTs were attached to

both ends of the scintillators via a light guide to channel light into the PMTs

face glass and to reduce the position dependence of the collected light. An

example of the scintillator used can be found in figure 20 in the appendix.

The scintillator bars in the Neutron Arm are arranged into modular cassettes

which allow for easy installation into the frame of the Neutron Arm, as shown

in figure 6 and 7.

The structure of the cassettes which includes a 1.27cm thick plate of iron

on the front, used to increase the rate of converting protons to neutrons, and

a 0.64cm thick plate of aluminum on the back to support the scintillator bars.

The cassettes sizes also vary depending on the size of scintillators that they
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contain. The veto cassettes contain veto scintillator bars that are 2x11x70

cm3 (widthxheightxlength), and 2x11x110 cm3 in size. The veto counters

were used to allow us to distinguish between neutrons and charged particles

such as protons passing through Neutron Arm. The smaller width of the veto

scintillators reduces the possibility of the neutron creating a shower inside the

veto counters, but will still allow protons to fire, thus providing the the ability

to select out proton and neutron events.

Each veto cassette contains eight short scintillator bars, which are situated

closer to the beam line and eight long scintillator bars that are placed farther

away from the beam line. The difference in the lengths compensates for the

increased counting rate that occurs as the scintillator bars are placed closer

to the beam line. The veto cassettes are placed in the first two planes of the

Neutron Arm where each plane contains six cassettes.

In front of the first veto plane there is a veto wall made out of lead. The

sole purpose of this wall is to reduce the rate at which the veto detectors will

fire due to noise and spurious events. Although this does decrease our overall

statistics, the veto wall makes it possible to use the veto detectors to identify

charged particles. Without this veto wall the rate in the veto plane would be

much higher, causing an increased dead time in each of the bars.

After the veto planes, there is a 1.27cm thick layer of iron and 2.54cm thick

of lead used as a converter for neutrons. The next four planes in the Neutron

Arm which have the naming convention N1, N2, N3, and N4 contain cassettes

that have Carnegie Mellon University (CMU) bars and have dimensions of

5x11x180 cm3. Each of the planes N1 through N4 has five CMU cassettes
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where each cassette has five scintillator bars. However, in planes N1 and

N3 there exists a sixth cassette which are Glasgow cassettes and contain five

scintillator bars with dimensions of 10x20x180 cm3. These cassettes sit at the

top of the last CMU cassette in the N1 and N3 plane.

Following the N4 plane, planes N5, N6, and N7 each contain four Univer-

sity of Virginia (UVA) cassettes, of which contain ten scintillator bars with

dimensions 10x20x160 cm3. The planes N5 through N7 also have a Glasgow

cassette at the top of the last UVA cassette, which are the same ones that sit

on top of planes N1 and N3. A diagram of the side view and a front view of

one of the planes of the Neutron Arm is shown in figures 6 and 7. Figures of

the other planes in the Neutron Arm can be found in the appendix.
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Neutron Arm N1 Front View Layout (View from target)
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4.3 FIDUCIAL AND FOIL MARKERS

During the experimental run fiducial and foil markers were used by the

survey team in order to keep track of the location of the Neutron Arm. Two

survey reports were done for the experiment, one before experimental data and

the other after experimental data was taken. The original survey reports can

be found in figure 98 through figure 103 in the appendix. Since the position

of the plumb bob labeled CTR#, where # represents the kinematic period,

in the first set of report was not included in the second, the relative distances

from the fiducial to the plumb bob and the foil to the plumb bob found from

the first report was applied to the second survey report to obtain the position

of the plumb bob.

Knowing the coordinates of the plumb bob allows us to understand where

the different planes of the Neutron Arm are in relation to the target. Refer

to figure 8 for clarification of the position of the fiducial and foil markers in

relation to the plumb bob. To find the position of the plumb bob in the hall,

just subtract relative plumb bob position values in figure 8 from the fiducial

values in the survey.

Also obtained from using the fiducial and foil marker data is the angle of

the Neutron Arm with respect to the beam line. This angle is found to be 30

degrees, and is also shown in figure 8. In table 1 are the coordinates of the

plumb bob for each of the kinematic runs and its distance from the target. The

value that appears in the drawings figure 104 and figure 105 namely 12.00, 9.26,

and 6.51 meters are the distance from the target to the center of the Neutron

Arm Detector.
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4.4 NEUTRON ARM POSITION

During the experiment the Neutron Arm was placed on rails so that it

could be moved to different positions for different kinematics. The diagram

in figure 9 shows the Neutron Arm and its relation to one of the rails and

the center of the target. The rail we refer to here is the one closest to the

beam line and running 30◦ to it. The center of this rail is used to measure to

the center of the detector. The diagram only used the position of the fiducial

markers that were higher along in the Y position in relation to the center of

the target.

A drawing of the rails and their dimensions is found in figures 104, 105,

and 106 in the appendix and was provided by Robbie Hicks. In these drawings

the distance is given from the target to the center of the detector and not the

plumb bob. The data points were taken by the survey team and reported in

document DT A1068, figure 102.

4.4.1 CALIBRATION PERIOD

During the calibration period the position of the center of the detector was

3.070 meters away from the rail closest to the beam, at a nominal angle of

35.1 degrees and 6.51 meters away from the target center. The plumb bob was

5.501 meters away from center of the target. The survey team only provided

the positions of the foil for this position and no fiducial measurements. The

detector was in this position during the commissioning of the experiment which

lasted from 02/24/06 to 03/04/06.
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4.4.2 KINEMATIC PERIOD 1

For kinematic position 1 the center of the Neutron Arm was at 3.303 meters

away from the rail closest to the beam line at a nominal angle of 35.1 degrees

and 12.000 meters away from the target. The distance to the plumb bob

from the target center was 10.943 meters. For this kinematic period the beam

energy was 1.519 GeV, and the run lasted from 03/05/06 to 03/08/06.

4.4.3 KINEMATIC PERIOD 2

The Neutron Arm initially was in the nominal position where the center

of the detector was 2.109 meters away from the rail closest to the beam line

at a nominal angle of 28.3 degrees and 12.000 meters away from the center of

the target. The plumb bob was 10.943 meters away from the target.

However, since the center of the detector bar does not coincide with the

center of the Neutron Arm it had to be moved into the correct position. The

majority of the data was taken with the position of the center of the detector at

2.515 meters away from the rail closest to the beam line at a nominal angle of

30.2 degrees and 12.00 meters away from the center of the target. The position

of the plumb bob was 10.966 meters away from the center of the target. This

position was also referred to as kinematic period 2b. The beam energy for this

period was 2.641 GeV, and the data was collected from 03/09/06 to 03/21/06,

and once again from 04/17/06 to 04/24/06.

4.4.4 KINEMATIC PERIOD 3

Kinematic position 3 ran with the highest beam energy at 3.290 GeV, and
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would give us the highest Q2 on the neutron to date. The position of the

center of the detector was 1.266 meters away from the rail closest to the beam

line at a nominal angle of 30.25 degrees, and 12.000 meters from the target.

The position of the plumb bob was 10.936 meters away from the center of the

target. Data was collected for this data point from 03/24/06 to 04/17/06,

then again after switching back from kinematic period 2, from 04/24/06 to

05/03/06.

4.4.5 KINEMATIC PERIOD 4

The purpose of this kinematic position was to get more data that were

similar to kinematic position 1, since kinematic position 1 had only three days

of data taking, and settings such as, the high voltage system, and wiring per-

taining to the Neutron Arm were still being tweaked. The data collected in

this run would have the Neutron Detector in a very stable setting. In kine-

matic position 4 the center of the detector was 3.303 meters away from the

rail closest to the beam line at a nominal angle of 35.1, and 9.26 meters away

from the center of the target. The position of the plumb bob, 8.228 meters

away from the center of the target. The beam energy for this kinematic period

was 2.079 GeV. Data was collected from 05/03/06 to 05/12/06.
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4.5 MARKER COUNTER

Marker Counters were used as a device to help calibrate the Neutron Arm along

the face of the different planes. The four Marker Counters were placed in front

of the N1 plane and ran lengthwise vertically. Each Marker Counter consisted of

organic plastic scintillators with the dimensions of 2.54x2.54x304.8cm3 . The Marker

Counters ran vertically so that we could use them to obtain the propagation velocity

of light in the scintillator bars in the N1 to N7 planes. Since the absolute positions

of these counters were known they were also used to calibrate the horizontal position

of the scintillator bars in the N1 to N7 planes. Figure 10 shows the Marker counters

relative to the N1 plane.

The angle between the Marker counter and the beam line changed as the Neutron

Arm was moved during each of the kinematic runs. The position of the Neutron Arm

was obtained from the survey team using DT A1068. In Table 3 Θplm refers to the

angle between the position of the plumb bob to the beam line. The distance between

the plumb bob and the front of the N1 plane is 73.7cm. ∆Θm is the angle between

the different Marker Counters to the plumb bob, and Θm is the angle between the

different Marker Counters to the beam line. Θfrm refers to the angle between the

Neutron Arm center and the beam line, which reflects the fact that the plumb bob

is off center by 0.953cm. Θfrm nom is the nominal angle between the Neutron Arm

and the beam line given in the drawings by Robby Hicks, figure 104, and a report

on the Marker bars by Dimitri Nikolenko [13]. The angles were obtained by using

the survey data which provided the location of the plumb bob. Refer to Fig 11 for

the descriptions of the variables used. The angles provided in Table 3 were obtained

as follows:
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Θplm = tan−1

(
xplm

zplm

)
(14)

rplm =
√

x2
plm + z2

plm (15)

r = rplm + rmark (16)

∆Θm1 = tan−1
(

xm1

r

)
(17)

Θm1 = Θctr + ∆Θm1 (18)

= tan−1

(
xplm

zplm

)
+ tan−1

(
xm1

r

)
(19)
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5 OTHER APPARATUS OF THE Gn
E EXPERIMENT

This section provides a brief overview of the two other components used during

the Gn
E experiment, BigBite and the neutron target.

5.1 BIGBITE

To detect the scattered electrons the experiment employs the use of the BigBite

spectrometer detector package, which consists of a large dipole magnet producing a

field of up to 1.2 Tesla, three multiple-wire drift chambers (MWDC), a scintillator

plane, and two lead-glass calorimeter planes. The use of BigBite allows us to recon-

struct tracks and momentum of the scattered electron to a high degree of precision.

The high degree of precision in BigBite then allows us to place tight kinematic cuts

on the electron vertex. The current configuration allows for a solid angle acceptance

of 75msr and a momentum resolution of approximately 1-2% sigma.

BigBite was moved once during the experiment between the first and second

kinematic points on 03/09/06, which is between runs 2782 and 2783. Prior to

03/09/06 BigBite was 2.26 meters from the target and at an angle of 56.26◦ away

from the beam line. After 03/09/06 BigBite was 2.26 meters from the target at and

angle of 51.20◦ from the beam line.

The MWDCs allow us to reconstruct the track of the electron through the detec-

tor. The MWDCs are made up of 20% Au-80% Be sense wires to minimize sagging

as they are strung across the detector. The sense wires have a voltage placed across

them. The rest of the volume of the detector is filled with a gas mixture of 50%

argon-50% ethane kept at slightly above atmospheric pressure. In between the sense

wires are copper wires used for electrostatic field shaping so that the field lines run

roughly parallel and horizontal in the region of drift, and thus point from the field
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wire to the signal wire. The parallel field lines are due to the constant E-field which

produces a constant drift velocity.

As a charged particle, e.g. electron, passes through the MWDC it ionizes the

gas mixture. Due to the potential difference across the sense wires and the ground

planes, the ions accelerate towards the wire generating an electrical signal, which

is then read out by a time-to-digital converter. This time can then be converted

into a distance across several planes. As the electron passes through the MWDC

there is a small dead time involved with the detector due to the ionization of the gas

mixture. Thus the gas mixture has to allow for a quick response to the electron and

at the same time be able to have a fast recovery time to minimize the dead time.

The MWDCs in BigBite have been found to have a dead time of 150µs.

In the BigBite detector package there are 3 MWDCs which are placed right after

the dipole magnet. The first and last MWDC consist of six internal planes of wires

that are arranged in a horizontal, +30◦, and -30◦ pattern and are placed 1cm apart,

see figure 12 for clarification. These planes are named U, U′, X, X′, V, and V′

respectively, where the primed planes are shifted up 0.5cm relative to the unprimed

planes. Table 4 shows the number of wires used in the different arrangement in the

different planes. The second MWDC is much the same as the first and last MWDC

except that it only has three internal planes U, X, and V and does not contain any

primed planes. Each of the drift chambers are placed approximately 35cm apart

from each other.
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Figure 12: Diagram of first and third MWDC planes

The scintillator and lead-glass calorimeters are placed right after the MWDC

and are used to trigger the detector and measure the energy of the electron passing

through the MWDC and approximately give the general location of the electron.

The scintillator plane is made up of 13 scintillator bars that are 14x60x4cm3 and

are connected to PMTs at both ends, much in the same way as in the Neutron

Arm. The scintillator plane serves as a trigger for coincident events in both the

Neutron Arm and BigBite. The lead-glass calorimeter consists of a pre-shower and

shower counters. The preshower counter contains 54 lead-glass bars of dimensions

8.5x34x8.5cm3 arranged in a 2x27 array. The shower counter contains 189 lead-glass

bars with dimensions of 8.5x8.5x34cm3 arranged in a 7x27 array.

As an electron enters the calorimeter it begins to radiate through bremsstrahlung
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radiation. Bremsstrahlung radiation is electromagnetic radiation arising from scat-

tering of the electron in the electric field of a heavy Z nucleus, e.g. the lead in

the calorimeter. The radiation produces a photon, which in turn produces electron-

positron pairs, which can then produce more photons thus creating an avalanche or

shower effect. The shower will increase until the electrons/positrons can no longer

radiate via bremsstrahlung, then energy loss is due mainly to ionization in the lead.

The light collected from scintillation of the electron is then readout and digitized by

a PMT. The arrangement of the pre-shower and shower counters is used to identifiy

the scattered electrons in BigBite and to eliminate spurious tracks and noise that

occurs in the MWDCs thus cutting down background electrons, and enhancing the

MWDC’s ability to recreate electron tracks.
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Figure 13: Diagram of Calorimeter package of BigBite.

Plane x(cm) y(cm) z(cm) Arrangement

Scintillator 14.0 60.0 4.0 1x13

Pre Shower 8.5 34.0 8.5 2x27

Shower 8.5 8.5 34.0 7x27

Table 5: Calorimeter Layout
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5.2 3He TARGET

As stated before, one of the difficulties in measuring the form factor of the

neutron is the fact that there are no free neutron targets with sufficient luminosity.

As a substitute for the lack of a free neutron target, we use 3He, since at sufficient

energy transfer the neutron is considered almost free. In polarizing the target we

use the fact that the spin of an electron can be imparted to the nucleus of the 3He.

The neutron of the 3He contains roughly 90% of the nuclear spin, since the proton

spins will cancel each other out 90% of the time, giving us a quasi-free polarized

neutron target.

Figure 14: Target Cell Diagram courtesy of Aidan Kelleher

The polarization of the 3He target is based on the technique of spin-exchange

optical pumping (SEOP). In the Gn
E experiment, an alkali-metal mixture of rubidium

(Rb) and potassium (K) was placed in a magnetic field and heated to 250C in order
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to obtain enough Rb vapor to polarize the 3He cell. Once the Rb is in its vapor form

it can be polarized by optical pumping using circularly polarized light from a laser,

which excites the 5S1/2 → 5P1/2 transition in the Rb. In a magnetic field, the outer

electron of a Rb atom can be in one of two states, either aligned or anti-aligned with

the magnetic field. To get the all of the electrons of Rb to the state that we want,

say aligned with the magnetic field, we shine circularly polarized light of a particular

frequency onto the vapor and excite the atoms in the state that we do not want, the

anti-aligned state. Due to the presence of the N2 the electron can decay into either

an aligned or anti-aligned state, see figure 15 for further clarifications. Repeatedly

exciting only the states of the electron that we do not want and allowing them to

decay into a state that we do want allows us quickly to polarize all the electrons

into a state we want. The polarized Rb atoms then collide with the 3He atoms,

transferring their spin to the 3He nuclei through the hyperfine interaction. From

the polarization chart figure 16 of the polarization of the target it can be seen that

polarizations of up to 50% were achieved with the 3He target.
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Figure 15: Level diagram for transition states of target, courtesy of

Aidan Kelleher
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Figure 16: Target Cell Edna used for kinematics 3 and 4, courtesy of

Aidan Kelleher

To measure the amount of target polarization we use two methods of polarimetry,

adiabatic fast passage nuclear magnetic resonance (AFP NMR), where AFP is a

method of flipping the spin of the polarized 3He gas, and electron paramagnetic

resonance (EPR). In AFP NMR an external magnetic field is applied at the Larmor

frequency of the 3He. We then sweep the magnetic field of the target through this

resonant field. At resonance, the nuclei spins flip over and produce an EMF signal

that is proportional to the polarization of the 3He gas. The spin reversal has to be

performed slowly enough so that it is adiabatic and fast enough that the spins do not

have time to relax. The method of EPR on the other hand uses light from the target

cells’ Rb as a precise magnetometer to measure the small changes in the magnitude

of the magnetic field due to the polarized 3He. Since the small shift due to the
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magnetization of the 3He depends on the direction of the 3He spin we can isolate

this shift by changing the direction of the spins while keeping everything constant

using the AFP technique. We then can measure the change in the frequency emitted

from the Rb before the flip and after the flip of the spin. The change can then be

related to the polarization of the 3He by equation 20 [14]

∆νEPR =
8π

3
dνEPR(F,M)

dB
κ0µHePHe. (20)
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6 EVENT DISPLAY

Use of the event display, which I created, allows one to look at individual events

to see how the particles propagate through the different detectors. These event

displays, although only providing low statistics since each event has to be inspected

visually, were instrumental in allowing me to see the types of cut that could be

placed on various types of events, whether it be cosmic muons, protons or neutrons.

Figures 17, 18, and 19 are examples of the event displays created to evaluate different

events in a run. Here I used event 1455 in run 4425, for example.
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Figure 19: Event display of the showing front view of the Neutron Arm
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7 ENERGY CALIBRATION

Energy calibrations of the Neutron Arm were done using cosmic data during

the experimental run and will allow us to associate the ADC channel output from

the PMT to an energy value. The benefit of using cosmic muons is that they can

be considered as minimum ionizing particles(MIP), and thus will leave a constant

amount of energy per unit length as they pass through matter. For the scintillator

bars that were used in the Neutron Arm cosmic muons will deposit about 2 MeV of

energy per centimeter of scintillator that they pass through. Typically a muon will

pass through the top of the detector stack and propagate through multiple bars in

one plane.

+Y (0,0)

A0

Scintillator = 1.8 meters

−L/2L/2

CMU

Cosmic muon

Figure 20: Scintillator bar in N1 plane

7.1 EVENT SELECTION CRITERIA FOR COSMICS

To calibrate using cosmic muons, cuts are placed on events so that we are sure

that the events are cosmic muons and that they propagate in a straight line going

through any plane of the Neutron Arm. Cuts placed on cosmic data were such that
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five or more bars were hit in consecutive order, both left and right PMTs fired,

and through cuts on the y-position so that the muon is going vertically from top to

bottom of the detector. In any of these events, say if seven bars were hit in the N1

plane, the first and last bar hit are not used in the statistics, since we can not be

sure of the track position using a previous bar and a bar after. Bars at the very top

and bottom of the detector will generally have larger errors since we will not be able

to check where the event is coming from. Refer to figure 21 for further clarification.

7.2 ATTENUATION FACTOR

Once we have a hit we then look to the PMT signal. The effect of the attenuation

on the incident signal in general is described in equations 21 and 22. AL and AR are

the amplitudes outputted by the left and right PMTs, A0 is the incident amplitude,

GL and GR are the gain factors for the PMTs and Γ is the attenuation length. The

gain factors will divide out to give us an energy value.

AL = GLA0exp

(
−

L
2 − y

Γ

)
(21)

AR = GRA0exp

(
−L/2 + y

Γ

)
(22)

Dividing the two equations we have:

AL

AR
=

GL

GR
exp

(
2y

Γ

)
(23)

2y

Γ
= ln

(
AL

AR

)
− ln

(
GL

GR

)
(24)

The plots here reflect that the attenuation length is 2/slope for bars 13 and 14 in

the N1 plane. The gain ratio is then obtained from the y-intercept.

In figure 24 plots the attenuation factor of all the bars using cosmics run 4490. A

50



F
ig

u
re

21
:

E
ve

nt
D

is
pl

ay
of

a
C

os
m

ic
T
ra

ck
.

T
he

y-
ax

is
re

pr
es

en
ts

ba
r

nu
m

be
rs

of
th

e
V

1
pl

an
e

an
d

th
e

x-
ax

is
re

pr
es

en
ts

th
e

pl
an

es
of

th
e

N
eu

tr
on

A
rm

.

51



y-
p

o
si

ti
o

n
 (

m
et

er
s)

-2
-1

.5
-1

-0
.5

0
0.

5
1

1.
5

2

log(ladc/radc)

-2

-1
.5-1

-0
.50

0.
51

1.
52

n
1-

13
_1

E
n

tr
ie

s 
 7

9
M

ea
n

  
 -

0.
19

02

R
M

S
   

  1
.1

14
 / 

n
d

f 
2 χ

  1
64

4 
/ 7

7
p

0 
   

   
 0

.0
00

79
±

 0
.0

33
85

 
p

1 
   

   
 0

.0
01

1
±

 0
.7

43
9 

n
1-

13
E

n
tr

ie
s 

 1
74

23
M

ea
n

 x
  -

0.
01

92
4

M
ea

n
 y

 
 0

.0
30

66
R

M
S

 x
 

 0
.6

76
6

R
M

S
 y

 
 0

.5
17

8

n
1-

13
E

n
tr

ie
s 

 1
74

23
M

ea
n

 x
  -

0.
01

92
4

M
ea

n
 y

 
 0

.0
30

66
R

M
S

 x
 

 0
.6

76
6

R
M

S
 y

 
 0

.5
17

8

n
1-

13
E

n
tr

ie
s 

 1
74

23
M

ea
n

 x
  -

0.
01

92
4

M
ea

n
 y

 
 0

.0
30

66
R

M
S

 x
 

 0
.6

76
6

R
M

S
 y

 
 0

.5
17

8

y-
p

o
si

ti
o

n
 (

m
et

er
s)

-2
-1

.5
-1

-0
.5

0
0.

5
1

1.
5

2

log(ladc/radc)

-2

-1
.5-1

-0
.50

0.
51

1.
52

n
1-

13

F
ig

u
re

22
:

A
pl

ot
of

ln
( A

L
A

R

) vs
.

y-
po

si
ti

on

52



y-
p

o
si

ti
o

n
 (

m
et

er
s)

-2
-1

.5
-1

-0
.5

0
0.

5
1

1.
5

2

log(ladc/radc)

-2

-1
.5-1

-0
.50

0.
51

1.
52

n
1-

14
_1

E
n

tr
ie

s 
 6

4
M

ea
n

  
 0

.0
83

32
R

M
S

   
 0

.8
74

8
 / 

n
d

f 
2 χ

  1
68

5 
/ 6

2
p

0 
   

   
 0

.0
00

8
±

 0
.0

71
5 

p
1 

   
   

 0
.0

01
4

±
 0

.8
80

1 

n
1-

14
E

n
tr

ie
s 

 1
72

25
M

ea
n

 x
  -

0.
01

77
6

M
ea

n
 y

 
 0

.0
52

81
R

M
S

 x
 

 0
.5

60
5

R
M

S
 y

 
 0

.5
15

9

n
1-

14
E

n
tr

ie
s 

 1
72

25
M

ea
n

 x
  -

0.
01

77
6

M
ea

n
 y

 
 0

.0
52

81
R

M
S

 x
 

 0
.5

60
5

R
M

S
 y

 
 0

.5
15

9

n
1-

14
E

n
tr

ie
s 

 1
72

25
M

ea
n

 x
  -

0.
01

77
6

M
ea

n
 y

 
 0

.0
52

81
R

M
S

 x
 

 0
.5

60
5

R
M

S
 y

 
 0

.5
15

9

y-
p

o
si

ti
o

n
 (

m
et

er
s)

-2
-1

.5
-1

-0
.5

0
0.

5
1

1.
5

2

log(ladc/radc)

-2

-1
.5-1

-0
.50

0.
51

1.
52

n
1-

14

F
ig

u
re

23
:

A
pl

ot
of

ln
( A

L
A

R

) vs
.

y-
po

si
ti

on

53



F
ig

u
re

24
:

P
lo

t
of

at
te

nu
at

io
n

fa
ct

or
s

fo
r

al
l
th

e
ba

rs
in

th
e

N
eu

tr
on

A
ll

54



constant is added to clarification purposes, for example a constant value of 1 added

to all the bars in the N2 plane, a constant value of 2 is added to the bars in plane

N3, and so on.

7.3 INCIDENT AMPLITUDE

The plot of the incident amplitude A0 for a 2 MeV/cm MIP is shown in the

figure 25 and 26. Now multiplying equation 21 and equation 22 gives,

ALAR = GLGRA2
0exp

(
−L

Γ

)
(25)

A0

√
GLGR =

√
ALAR

exp
(
− L

2Γ

) (26)

Then dividing A0 through by the length the muon travels through the scintillator,

Lmuon, to remove the dependence of the path the muon takes through the scintillator,

and by 2 MeV/cm, the energy the muons deposits per centimeter, gives us a value,

Aunit, that correlates ADC channels readout by the PMT to and energy value MeV.

Aunit =
A0

√
GLGR

2Lmuon
(27)
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7.4 PMT STABILITY

By looking at the stability of the scintillators and PMT we ensure the PMTs

readouts were not drifting, which would result in different readings at different points

of a kinematic run. In figures 27 through 33 the stability of the PMTs is measured

by comparing a cosmic run from the beginning of kinematic 4, run 4402, to a cosmic

run at the end of kinematic 4, run 4525. The values here represent Aunit, or response

of the PMT in ADC channels per every one MeV deposited by the cosmic muon.

These values for the different bars varies at most by 5% from cosmic runs at the

beginning to the end of kinematic 4. Bars at the top and bottom of planes N1

through N7 have larger error bars due to limited statistics. In plane N7 some PMTs

were off thus there are fewer points on the plot.
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8 TIMING CALIBRATIONS

Timing calibrations on the Neutron Detector will allow us to understand the

time it takes a proton/neutron to propagate to each plane of the detector from the

target. This is important since neutrons will not fire the scintillators until they

knock out a charged particle in the conversion material. Knowing an expected time

a neutron will pass through any plane in the Neutron Arm will allow us to place

tighter timing cuts on the neutrons traversing through the Neutron Arm.

Since this will be the first time the Neutron Arm will be used in an experiment

at Jefferson Laboratory, a method of obtaining timing calibrations will have to be

created. What I present in the following sections is the method that I created in an

attempt to calibrate the timing offsets for the Neutron Arm. The technique is to use

protons that traverse through at least four planes of the Neutron Arm in a linear

fashion, much like what was done with cosmics muons but in the horizontal direction.

Although selecting only proton events that have straight and deep penetrating tracks

limits the amount of statistics in one run, I chain about five runs together to generate

enough statistics in order to calibrate the timing for the Neutron Arm.

8.1 EVENT SELECTION CRITERIA FOR PROTONS

To do a timing calibration we will consider long tracks created by protons since

only charged particles will cause the scintillators to fire allowing the event to be

recorded. A long track is considered to be any event where the protons will hit at

least the first four planes of the Neutron Arm, N1 through N4, and hit the same

corresponding scintillator bars in these four planes, i.e. bars 15 in planes N1 through

N4 would have to register a hit.

Once we have a hit in the first four planes we then look to see if a veto counter

fires in the region where the long track occurred, thus limiting the events to protons.
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If there happen to be hits in the N5, N6, and N7 planes, the script then checks to

see if the hits are within three scintillator bars of the original track. The scintillator

bars in the N5, N6 and N7 plane are not the same size as those in planes N1 through

N4, thus we have to allow a gap of three bars to be able to select the continuing

track through N5, N6, and N7.

Using these types of events we will be able to record a time that it takes the

proton to travel from one plane to another, or intraplane time difference. The

diagram in figure 34 depicts what is meant by intraplane time difference. For these

events we also will have a time of flight (TOF) from the target to the N1 plane using

a coincidence time provided by BigBite’s trigger.

8.2 HYDROGEN DATA

Using hydrogen data from kinematic 4 we can place cuts on the momentum

of the electron detected by BigBite. The electron momentum detected by BigBite

is compared to the calculated momentum of the scattered electron from elastic

electron-proton scattering given by,

Peleccalc
=

Eimproton

mproton + Ei(1− cosθelectron)
, (28)

where mproton is the mass of the proton, Ei is the energy of the incident electron

beam, and θelectron is the angle of the scattered electron detected in BigBite with

respect to the z-direction in BigBite. Subtracting the two momenta we get a value

which we refer to as Pdiff which should be zero for elastic events. Also placing

cuts on the missing mass around the region of the proton helps to ensure we are

selecting only protons. For hydrogen data we place the cut on Pdiff at, Pdiff>-0.04
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and Pdiff<0.04, as is shown in figure 35.

Figure 35: Cut on Pdiff

In a reaction such as (e,e’x), using conservation of energy and momentum, we

can use the information of the scattered electron from BigBite and the initial energy

of the electron beam and mass of the target to generate a spectrum of the missing

energy of ’x’. What is meant by ”missing energy of x” is simply the unmeasured

energy of x. In the case of an assumed two body final state, that is the outgoing

particles are the electron and a single hadron, the energy and momentum conser-

vation laws predict sharp values for the electron’s energy which depend upon the

mass of the undetected hadron. The missing mass in the case of scattering from

a hydrogen target will be the mass of the proton’s ground state or excited states.

Thus we can identify true elastic scattering events by selecting only those electrons

whose energies are consistent with scattering off a proton in its ground state. The

resulting plot of the missing mass squared for hydrogen data, W2 is plotted in figure

36. In general the mass of the nucleon squared is approximately 0.88 GeV2, here

69



the broad peak with the gaussian fit is .9045 GeV2

Figure 36: Missing Mass squared.

Using the event display, figure 37, to show the results of the cuts on an event

by event basis, ensures that we are selecting a good proton track. The circled boxes

are the events that are identified as a good proton hit. The values inside the boxes

are the corresponding pedestal subtracted ADC channels of the PMTs. Here we

see matching bars being hit in planes N1 through N4 on both the left and the right

side of the detector. In plane N5 the bar is shifted due to the different sizes of the

scintillator planes being used.

The histograms in figures 38, and 39 show the intraplane time difference for

selected scintillator bars in a hydrogen run fitted with a gaussian curve.
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Figure 38: Intraplane time difference of bar 15 in plane N2 and bar 15

of the N1 plane.

Figure 39: Intraplane time difference of bar 15 in plane N3 and bar 15

of the N1 plane.
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Figure 40: Intraplane time difference of bar 15 in plane N4 and bar 15

of the N1 plane.

The figures 41 and 42 shows the mean values of the gaussian fit along with its

associated error for all bars in the Neutron Arm. Figure 41 shows the intraplane

differences without any offsets applied.

Applying an offset to the different bars so that the intraplane time differences

are set to zero, then adding a constant for clarity purposes, we get a plot depicted in

figure 42. Notice that with the offsets added not all of the values fit the horizontal

line. This is a statistical effect due to binning yielding a low number of counts. We

now apply the offsets obtained from hydrogen data to helium data.

8.3 HELIUM DATA

Using helium data the we no longer have an elastic peak, so we will be selecting

around the region of quasi-elastic event as is shown in figure 43.
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Figure 43: Pdiff plot for helium

Resulting missing mass squared, W 2, for helium data is shown in figure 44. As

we can see the missing mass value is larger then we expect due to the wider cut on

Pdiff.
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Figure 44: W 2 plot for helium

In order to compare hydrogen data to helium data from kinematic 4, we use offsets

obtained from the hydrogen run and apply them to the helium data. The offsets

applied to the 3He should line the points on zero of the x-axis, but as we see that

some of the values still need further offsets added, more so at the top and bottom

of the detectors, see figures 46 through 51.

We now compare other kinematic 4 runs that are closer to the end of the run to

see how stable the intraplane time differences are from the beginning of kinematic

4 to the end of kinematic 4.
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Although using offsets obtained from hydrogen data still requires additional

offsets to be applied, we see that when comparing all the helium data, there are

very little fluctuations. This might be due to the limited statistics that we have

when using hydrogen data than with the helium data. This leads us to try to use

long tracks in helium data at the beginning of a kinematic run and comparing it to

the end of the kinematic run. Applying offsets to helium data from the beginning of

kinematic 4, runs 4490-4494, and plotting the gaussian fit with it associated error

in figure 52, we see that the points are very well aligned. Using the offsets obtained

from runs 4490-4494 and applying them to other helium data at the end to kinematic

4 we can check how stable these offsets are. In figures 53 and 54 we see that the

points are also very well aligned much in the same way as figure 52.

In figures 55 through 60 comparing the different helium runs in kinematic 4

plane by plane, we see that the variances that we have across all of the scintillator

bars is within 100ps which is about the limit of the resolution of the scintillator

bars. This 100ps is well within the 300ps resolution required in the proposal.
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8.3.1 PMT RESPONSE TO SELECTED PROTON EVENTS

By plotting the response from the PMTs we can determine the energy deposited

in each of the bars per proton event in these long tracks. We use the root mean

square of the right and left PMT response in this case to generate the following plots.

In figures 61 to 64, which represent the CMU scintillator bars, we compare runs at

the beginning of kinematic 4 to those at the end. The variations are generally only

about 5% unless it is a bar at the top or bottom of the detectors, which can vary

about 10%. Figures 65 to 67 which represent the UVA scinitillator bars show a

little bit more variation, about 15% at the top and bottom of the detector due to

being planes at the back of the Neutron Arm. However, the bars at the center of

the detector again only varied as much as 5%.
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8.3.2 TIME OF FLIGHT FROM TARGET TO N1 PLANE

Using long tracks created by protons in the Neutron Arm also allows us to check

and calibrate the time of flight (TOF) of a proton from the target to the N1 plane in

the Neutron Arm. To get this value we need to use the time the an electron took to

hit the scintillator in BigBite and compare it to the time a proton hits the Neutron

Arm. The Neutron Arm time is measured in ns relative to the Level One Accept

(L1A) signal provided by one of the TDCs in the Neutron Arm. BigBite’s trigger

time uses a different common signal for its TDC and ADC digitization, which we

call BBtrig. A separate TDC was used to record the difference between the Neutron

Arm’s, NDrecordedtime, and BigByte’s time, called ctimeL1A. To obtain the TOF

for a neutron/proton we then use the recorded time of the Neutron Arm, BigByte’s

trigger, and the ctimeL1A in the following fashion.

NDrecordedtime = NDrealtime − L1A (29)

0.05 ∗ ctimeL1A(ns) = L1A−BBtrig (30)

NDtimerelativeBB = NDrealtime −BBtrig

= NDrealtime − L1A + (L1A−BBtrig)

= NDrecordedtime + (L1A−BBtrig)

= NDrecordedtime + 0.05 ∗ ctimeL1A (31)

The ctimeL1A value is multiplied by 0.05 because this TDC uses a 50ps/channel.

Figure 68 shows the plot of the proton TOF from the target. This plot has no

corrections applied thus we see a bend in the plot reflecting the differences in path
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from the target to the different scintillator bars in the N1 Plane.

Because BigBite bends the electron’s trajectory, the time the electron takes to

hit BigBite needs to be corrected. Instead of correcting for the time of the electron

in BigBite we can use the RF signal provided by the beam so that we can remove

some of the dependence on BigBite. The beam sends packets of electrons every

2ns, we can use the time from BigBite to predict which electron bunch has hit the

detector. Figure 69 shows the TOF with the RF correction included. As we can see

it is only a small effect.

The shape of the times in the plots of figures 68 and 69, shows a small curvature

due to the path length differences the proton takes. It takes a longer time for the

proton to reach the scintillator bars at the top and bottom of the Neutron Arm.

Correcting this we should be able to remove this curvature. In figure 70 is a plot

with the path length correction added.

Finally we add an offset to set all the values to zero, so that we can compare the

different sets of data from the beginning and end of kinematic 4, and can be found

in figure 71. The differences in the TOF between the runs at the beginning to the

end of kinematic 4 are with 50ps of each other excluding the points at the very top

and bottom of the detector.
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8.4 KINEMATIC 3

Kinematic 3 as explained before is the kinematic where the Q2 value is 3.4 GeV2

and will give us the highest value of Gn
E to date. The runs used here to represent

kinematic 3 is run 4290 through 4303. Again we will apply the same type of cuts

on the data as we did with kinematic 4 data. The cut on Pdiff is shown in figure

72, and the resulting missing mass squared (W2) is shown in figure 73. In kinematic

3 we get a lot more non-elastic and non-electron events, which subdues the elastic

peak, as can be seen in the Pdiff and W2 plots.

Figure 72: Selection on Pdiff for quasi-elastic events.

109



Figure 73: Resulting plot of W2 of selected protons

We plot the intraplane time of flight by looking at long tracks created by protons

in kinematic 3. In order to compare the results from kinematic 3 to kinematic 4

we apply the offsets from kinematic 4 directly to the proton events in kinematic 3.

Figure 74 shows all of the bars in kinematic 3 without offsets applied and figure

75 shows all the bars with kinematic 4 offsets applied. A constant is added to the

values in figure 75 for clarity purposes.
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In figures 76 through 81 we compare the intraplane time of flight from kinematic

4 to kinematic 3, both with offsets from kinematic 4 applied. What we see here is

that in the kinematic 3 data the intraplane time of flight is less then kinematic 4

which shows the difference in momentum of the protons, since kinematic 4 had an

electron beam energy of 2.079 GeV2 and kinematic 3 had an electron beam energy

of 3.290 GeV2.

Figures 82 to 84 shows time of flight from the target to the N1 plane for kinematic

3 compared to the time of flight for kinematic 4. Figure 82 shows the time of flight

with the RF corrections, figure 83 shows the pathlength and RF corrections added,

and finally figure 84 shows the time of flight offsets from kinematic 4 added along

with the pathlength and RF corrections. The differences in the time of flight, about

4ns, reflects the fact that the Neutron Arm is moved away from the target by about

2.71 meters from kinematic 4.
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9 CONCLUSION

The study of the Neutron Arm shows that using long tracks traversing through

the detector is an extremely useful tool. By using vertical tracks from cosmics

we can calibrate the PMT responses allowing us to convert ADC channels to a

corresponding energy value. On the other hand using long tracks in the horizontal

direction provides us with the ability to calibrate the timing of protons traversing

from the target through multiple planes of the Neutron Arm.

Looking at the different data sets at the beginning and end of kinematic 4 we

see that the detector was very stable since the time fluctuations are on the order of

100ps which is about the limit of resolution of the scintillator bars and well within

the required resolution of 300ps as stated in the proposal. The variances in the

amplitude of the PMTs show that they are about 5% and about 10% for bars at the

very top and bottom of the detector.

Comparing kinematic 3 to kinematic 4 we notice that the intraplane time of flight

is generally smaller then in kinematic 4 due to the differences in proton momentum,

whereas the time of flight from the target to the N1 plane gives a time that is about

4ns larger then in kinematic 4 due the different position of the Neutron Arm. Due to

this fact separate offsets will probably have to be applied to the different kinematic

points.
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APPENDICES

The appendix serves to provide further geometrical information pertaining to the

geometry of the Neutron Arm and timing offsets used. This detail was essential in

recreating the different positions of the many scintillator bars required for analysis.

Although measurements on the position of the detector as a whole was taken by

the survey team, the information on the position of the different cassette, how they

fit in the frame of the Neutron Arm, and subsequently the individual scintillator bars

had to be meticulously measured by me and Jonathan Miller, after the experiment

was finished and the detector was taken apart. It was only after these measurements

were finished that the survey team’s report could be used to locate the different bars

in the hall of the experiment. A majority of these drawings are drawn to scale and

incorporate all of the measurements made after the detector had been disassembled.

I also wrote and submitted a complete technical document detailing the Neutron

Arm Geometry to Jefferson Laboratory [15].
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A NEUTRON ARM GEOMETRY

1

1

01

02

03

04

05

06

07

08

01

02

03

04

05

06

07

08
09

10

11

12

13

14

15

16

11

09

10

12

13

14

15

16
17

18

19

20

21

22

23

24

17

18

19

20

21

22

23

24
25

26

27

28

29

30

31

32

26

27

28

29

30

31

32

25

33

34

35

36

37

38

39

40

33

34

35

36

37

38

39

40
41

42

43

44

45

46

47

48

41

42

43

44

45

46

47

48

42

44

43

40

41

39

38

36

35

34

33

32

37

31

09

08

03

02

01

05

06

07

04

00

15

14

13

17

18

19

16

21

24

23

29

28

22

20

42

43

44

40

41

30 30

10

39

37

36

35

34

33

32

38

31

09

08

04

03

02

01

06

07

05

00

16

15

14

13

18

19

17

28

25

24

23

21

29

22

20

42

44

43

40

41

30

39

38

36

35

34

33

32

37

31

09

08

03

02

01

05

06

07

04

00

15

14

13

17

18

19

16

24

23

21

29

28

22

20

25

26

27 27

26

25

26

27

12

11

12

11

1010

11

12

28

27

29

30

25

22

23

24

26

19

20

21

13

12

15

14

07

09

10

03

05

04

02

11

16

06 06

11

16

25

22

23

24

26

19

20

21

13

12

15

14

09

10

03

05

04

02

06

28

30

27

29

31

11

16

25

22

23

24

26

19

20

21

13

12

15

14

09

10

03

05

04

02

06

11

16

25

22

23

24

26

19

20

21

13

12

15

14

09

10

03

05

04

02

07 07 07

08080808

17

1818

171717

18 18

Figure 85: Side view of Neutron Detector with proper scale. Courtesy

of Igor Rachek
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A.1 PLANES OF THE NEUTRON ARM

The Neutron Arm contains overall ten planes of detectors, two of which are made

up of veto counters which are described as V1 and shown in Fig 86 and V2 shown in

Fig 87, one plane for the Marker counter Fig 88, and the rest are neutron detectors

labeled N1 through N7. The next set of diagrams describes how the individual

planes are created with the use of different cassettes. The majority of cassettes have

a T-spacer at the top that is half inch (1.27cm) thick, however Glasgow cassettes

N1.1, N2.1, and N7.4 have 2 spacers totaling one inch (2.54cm) and veto V1.1 has

no spacers. The measurements of the detector bars are with respect to the top of

the first detector bar. The active centers drawn are the centers of the detector bars

and not of the cassette. Also the active center of V1 and V2 planes are offset from

each other by one inch away from the active center of the CMU cassettes in the N1

plane.
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Tim Ngo
July 5, 2006Neutron Arm V1 Front View Layout (View from target)
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Figure 86: Veto1 Plane
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Tim Ngo
July 9, 2006Neutron Arm V2 Layout (View from Target)
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Figure 87: Veto2 Plane
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A.2 CASSETTE GEOMETRY AND COUNTER PROFILE

The geometry of the cassettes Fig 96 shows the dimensions of each of the four

different cassettes. The CMU, UVA, and Glasgow have very similar structures aside

from the different size of the actual detector bars. These have two half inch plates

of iron on the front of the cassette and one quarter inch plate of aluminum on the

back. The veto counters however are different because of the aluminum struts that

are used to hold the detector bars. Veto cassettes are made up of long and short

counters. The shorter counter is located closer to the beam then the long counters.

Veto cassettes have only one plate of half inch iron on the front. The profile of the

different type of counters is shown in Fig 97.
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Figure 97: The different types of counters used in the Neutron Arm.
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A.3 SURVEY DATA

Figure 98: Survey Data A1029 Page 1
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Figure 99: Survey Data A1029 Page 2
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Figure 100: Survey Data A1040 Page 1
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Figure 101: Survey Data A1040 Page 2
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Figure 102: Survey Data A1068 Page 1
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Figure 103: Survey Data A1068 Page 2
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A.4 RAIL DRAWINGS

Figure 104: Neutron Arm on Track Schematic provided by Robby Hicks

drawing 65520-D-34037-00 on 07/20/06
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Figure 105: Neutron Arm on Track Schematic provided by Robby Hicks

drawing 65520-D-34037-00 on 07/20/06
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Figure 106: Neutron Arm on Track Schematic provided by Robby Hicks

drawing 65520-D-34037-20 on 07/20/06
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A.5 NEUTRON ARM ASSEMBLY DRAWING

Figure 107: Final Neutron Detector Assembly Schematic by Robby

Hicks
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B TIME OFFSET

The time offsets used for both the intraplane time of flight and time of flight

from the target to the N1 plane of the Neutron Arm can be found in this section.
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