
3.9 Holding Field Direction Measurements

As mentioned in Sec.2.5.1, the longitudinal asymmetry contributes to the total asymmetry

at target polarization direction di!erent than ! ∗ = 90◦and due to Þnite detector acceptances.

To determine how much longitudinal contribution we have in our system, we needed to

precisely measure the direction the target spins are pointing in, which meant measuring the

direction of the target magnetic holding Þeld direction. To this e!ect, a precise magnetic

compass was developed at Kentucky, and subsequently modiÞed at JLab. The compass had

a resolution of about 0.1◦. For a ! 2.4◦ deviation away from 90◦ results in a correction to

the total asymmetry of32

A ′
long = (0 .041± 0.002)áA‖ , (3.22)

where Aparallel is as deÞned in Equation (2.12).

The compass was an air-ßoated device as shown in Figure3.23. It consisted essentially

of a magnetic cylinder mounted on a ßoating disk. The compass when placed in the target

region pointed in the direction of the target holding Þeld. The angle made by the compass

with respect to the electron beam direction was measured by reßecting laser beams o!

mirrors and by the Je!erson Lab Alignment group.

3.9.1 Testing and Systematics

The construction of the magnetic compass is shown in Figure3.24. Compressed air caused

the disk (marked with a circled 4 in the Þgure) to ßoat without friction. On this disk

a cylindrical magnet was positioned in a V-shaped groove. The groove helped to ensure

positioning repeatability. The cylindrical magnet had a mirror mounted on one end for the

laser beam to reßect o!, and a disk marked with a circular scale on the other end. The scale

had markings every 30◦ and was used to place the cylinder in the same angular position for

every reading. This eliminated the systematic error due to the mismatch of the geometric

and magnetic axes of the cylinder.

The geometric and magnetic axes of the cylindrical magnet did not coincide. To de-

termine this angle and correct for it, laser light was reßected o! the mirror attached to

an end of the cylindrical magnet as described earlier and the position of the reßected spot

was noted for various angular positions of the magnet (as seen in Figure3.25(a)). This
32 From the second part of Equation ( 2.10), since we have ! ∗ = 87 .63◦, ! ∗◦! 0.041. A‖ depends on

kinematic variables only and needs to be calculated for each kinematic point.
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Figure 3.23: (color) The Gn
E compass. The guiding bar and spacer are not shown in a).

spot inscribed an ellipse the minor axis of which was minimized by Þne tuning the angle

of the mirror mounted on the cylindrical magnet as shown in Figure3.25(b). The (axis of

the) mirror was thus made parallel to the magnetic axis of the cylindrical magnet and the

horizontal o!set - and thus the error - due to the di!erent angular positions of the magnet

was kept at a minimum.

A tiny amount of torque acted on the ßoating disk due to the air holes not being exactly

normal to its lower surface. This torque was calculated by measuring the time period of

rotation of the ßoating disk in a Þeld-free region. This method could also estimate the

deviation from horizontality of the disk. The oscillation of the disk about a preferred

direction would indicate that the disk was not entirely horizontal.

The torque was measured at various air-ßows (16, 32, 48"/min 33) and no change was

seen in the compass readings between the di!erent air-ßow rates. Also, no preferred direction

was identiÞed indicating good horizontal alignment.

The compass was initially used to study the e!ects of the opening of the magnet box

33 "/min = liters per minute.
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Figure 3.24: Construction of the Gn
E compass. (Sectional view through center.)

door on the direction of the Þeld. When one or both doors were opened, the Þeld direction

changed, but was back to the initial value once the doors were closed. There was no change

in direction within the resolution of the compass (about 0.1◦). A fact noticed at this time

was that when the Þeld was swept during an NMR measurement, the direction also changed

with the change in Þeld magnitude A crucial test done in the Hall with the BigBite magnet

revealed an interesting characteristic. When the BigBite magnet was turned o! and back

on, the target magnetic holding Þeld direction was di!erent. At least Þve NMR cycles were

required to get the direction back to the nominal value. This seasoningof the magnet box

would be required for every change in the surrounding magnetic environment close to the

target region. During the experiment, the BigBite was turned o! only twice and a lot of

NMRs were done after the BigBite was turned on as part of the target tests. Thus, the

possibility of the Þeld being at a di!erent direction was minimal.

3.9.2 Compass Measurements

We needed to map the magnetic Þeld direction in the region around the target cell length

and position relative to the electron beam direction. Ideally, the angle#∗ = 0 and ! ∗ = 90◦

to the direction of momentum transfer. Our compass was not sensitive to the#∗" direction

but only to the transverse ! ∗" direction34. Since our target box was at an angle of about

30◦ with respect to the beamline, the angle of the target holding Þeld with respect to the

beamline would ideally be! tgt # 120◦.

34 Another compass, dubbed the vertical compass has been developed which is designed to measure the
vertical angle, but is sensitive to any general angle in 3-space.
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Figure 3.25: (color) The determination of angle between the magnetic axis and mirror. The
ellipse is a result of the 360◦scan of the cylinder (as shown on the right).

Absolute Measurement

For the compass measurements to correspond to actual angles in the laboratory (Hall A)

frame, an absolutemeasurement was necessary to give us the angle relative to the beamline

for a Þxed compass position in the target region. All other compass measurements would

then be with respect to this angle, termedrelative measurements. The absolute measure-

ment was done with the help of the Je!erson Lab Alignment (or Survey) Group whereas

the relative measurements were performed by ourselves.

Following is the procedure employed for the absolute measurement of the Þeld direction

[Beck et al., 2007]. A solid aluminum bar was mounted on the frame of the target magnet

box (Figure 3.26). A reference mirror was mounted at the center of this aluminum bar

(called the reference bar) . The aluminum bar was about 2 m long and 2′′ $ 2′′ in cross-

section. The compass was positioned inside the target box at the center of the target region

(corresponding to the center of the target cell, marked as hole number 7 in Figure3.27). A

small laser was mounted outside the target box on a tripod at a distance of about two meters

from the reference mirror. This laser was positioned such that the laser, the reference mirror
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and the compass mirror were collinear35. A transparent sheet (an overhead transparency)

was placed between the laser and the reference mirror, closer to the laser.

With the reference bar installed, the small laser was turned on. The laser beam passed

through the transparency to be incident on the reference mirror and reßected o! the mirror

to pass through the transparency again. The positions of these laser spots on the transparent

screen were marked. The reference bar was then removed. Now the laser light, after

passing through the transparency at the same position as before, was incident upon the

compass mirror. After reßecting o! the compass mirror, the laser beam went through the

transparency at a di!erent point. Again, the positions of the spots were marked on the

transparent screen. The unknown angle was easily calculated by measuring distances of the

mirrors from the transparent screen and between the various spots on the screen.

B

30o
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Magnetic Box

Laser

269.9 cm

compass
board

204.75 cm

 Angle of BigBite

51.59o

Be
am
 l
in
e

transparent screen

Figure 3.26: The absolute measurement setting. Note that for reßection o! the compass
mirror, the reference mirror bar was removed. The compass position along the beamline in
this Þgure corresponds to hole #7 shown in Figure3.27.

The angle of the reference mirror on the aluminum bar was also measured by the Jef-

ferson Lab Alignment Group for the same setting as above. This gave us the angle of the

reference mirror with respect to the beamline in the Hall coordinate system, say,! Hall. Thus,

using ! Hall and the procedure described above the holding Þeld direction was calculated at

the center of the target region relative to the beamline.

35 Note that the axes of the mirrors need not have been aligned to each other or the laser beam direction,
and they were not. The only requirement here was that the laser beam be incident on the reßecting surface
of the mirror.
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Relative Measurements

Once the absolute measurement was done, the transparent screen was removed and a large

cardboard screen with a Þne scale (of 1 mm divisions) was put in its place. The compass

laser was now turned on and the position of the laser spot on the scale was read o!. The

reference position (corresponding to the center of the target cell) was hole # 7 as shown

in Figure 3.27. The compass was then moved along the length of the target in one inch

steps and the positions of the laser spot on the cardboard scale for each compass position

were read o!. The compass edge was kept ßush with a Þxedguiding bar on the compass

bench to enable movement along the beamline direction. A 4′′ aluminum spacer was placed

between the Þxed bar and the compass edge. The measurements were repeated with 3′′ and

5′′ spacers . The complete set of readings with all the horizontal spacers was repeated with

a 1′′ vertical spacer. So the entire region around the target cell position was scanned as

seen in Figure3.28.

3.9.3 Friction Torque

Friction, although small, causes a torque to act on the ßoating disk a!ecting the compass

readings. An estimate of this torque needs to be made to account for systematic errors

[Beck , 2006]. Modeling the disk movement using a damped oscillator, we can write the

displacement ! as

! = ! max cos($t )e−αt (3.23)

where $ is the frequency of angular oscillation of the disk and magnet system and%is the

damping rate. In our almost frictionless case,%% $. Timing the oscillations, it was seen

that the amplitude dropped from 2 ′′ to 1′′ in 15 seconds implying

! 1

! 2
= e−α(t1−t2) (3.24)

or %=
ln(2)
15

# 0.06 s−1 (3.25)

The period of oscillation was measured (by a stopwatch) to be about 0.7 s whence the

angular velocity can be calculated to be 9 rad/s, thus justifying the %% $ condition above.

When placed in a magnetic Þeld, the compass would have a magnetic potential energy

given by

U = &má&B = mB cos! # mB
!

1 "
! 2

2

"
(3.26)
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Figure 3.27: The positions of the compass and the corresponding laser spots during scan-
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Figure 3.28: The target region scanned by the compass. The result of the scan as
shown in Figure 3.29 corresponds to the middle point in the lower Þgure. Figure from
[Beck et al., 2007].

where we have used the small angle approximation for the Þnal equation. Here&m is the

magnetic moment of the compass magnet and&B is the magnetic holding Þeld,! being the

angle between the two quantities. The torque on the magnet is given by

' = "
(U
(!

= mB)! . (3.27)

At equilibrium position, this torque equals the frictional torque

' fric = mH)! . (3.28)

Equating the energy dissipated which is the work done by the frictional torque to the change

in magnetic energy during the Þrst oscillation cycle36

Ediss = 4 ! max' fric = 4 ! maxmH)! = mH! max

#
ú! max2*

$

$

(3.29)

whence

)! =
*
2$

ú! max = "
*
2$

%!max , (3.30)

36 The change in the magnetic energy with time

! Emag = "
#U
#t

! t = " mH! max ú! max ! t .

For one cycle, ! t = T .

85



where the relation ú! max = " %!max has been used. The measured value of! max = 0 .02 rad

yields )! = 0 .2 mrad.

3.9.4 Self Effects

Since the compass consisted of a strong magnet (about 6 kG at the ends) and was placed

in an iron box, there could beself e!ects due to the compass magnet magnetizing the iron

box which in turn could modify the holding Þeld thus compromising measurements. These

e!ects were calculated and found to be negligible.

3.9.5 Direction Measurement Results

Compass measurements - absolute and relative - were done before the experiment, once

during the experiment, and after the experiment. The reference bar could be installed in the

same position with high accuracy (better than 0.01 mrad). The holding Þeld angle remained

stable over the entire period. The result of the compass scan is shown in Figure3.29. The

Þeld angle at the target center was 117.63◦ and the angle varied by about 10 mrad over the

length of the target37. The error in measurement was less than 2 mrad or about 0.1◦. The

Þt was used to calculate the angular dependence on the asymmetry (due to the longitudinal

contribution) and to correct for it.

Our compass was not sensitive to angles in the vertical plane. This angle was determined

to be negligible based on estimates made from the box geometry and symmetry, implying

a much more negligible e!ect on the asymmetry.

3.10 Nitrogen in the Target Cell

The Polarized 3He target cell had about 1.5% nitrogen to e!ect radiationless quenching of

Rb/K so as to prevent depolarization of the target. The Gn
E cells contained about 90 Torr

of nitrogen gas which is a little higher than in the earlier experiments (! 60 " 65 Torr).

This was primarily due to a bigger pumping chamber of theGn
E cells [Singh , 2007]. As

such, a few of our detected neutrons come from this nitrogen which we need to identify and

correct for our asymmetries. Nitrogen dilution analysis is detailed in Sec.5.3.1.

37 The actual length considered during data analysis was ± 17 cm so as to cut out the glass end windows.
The Þeld angle change in this region was about 10 mrad as seen in the Þgure.
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Figure 3.29: The compass results indicating the deviation of the target holding Þeld along
the length of the target. The angle at 0 is relative to the beam direction. The Þt is
performed only over the range of the target length. The scans at other positions (in both
the horizontal and vertical planes as seen in Figure3.28) had the same structure and the
readings were within 1 mrad of these values. The deviation of the Þeld in the same direction
on both sides of the target center is explained in Figure3.30.
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