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4. Data Analysis

As mentioned in the introduction, the main goal of the present work is the study of
the polarization-transfer coefficients in elastic deuteron-proton scattering, H(~d, ~p)d.
However, in order to measure the polarization of the outgoing protons, the po-
larimeter had to be calibrated. This was achieved by using the well-known elastic
proton-proton scattering. Therefore, polarized beams of deuterons and protons were
utilized for this experiment. The two reactions are discussed in parallel throughout
this thesis.

In the analysis of H(~d, ~p)d and H(~p, ~p)p reactions, the polarization of the initial
beams, namely polarized deuterons or protons, was measured by the In-Beam Po-
larimeter (IBP), see section 4.1. The beam scattered from a target at the BBS target
chamber. The scattered protons of either reaction were subjected to a secondary
scattering from a graphite target at the ESN, see section 3.4. In this chapter, all
the necessary steps taken to analyze the IBP and ESN data will be discussed.

4.1 Analysis of the IBP data

The polarization of the incoming beam was measured by the IBP. The IBP data
were taken in parallel with the BBS data acquisition. To measure the degree of
polarization with the IBP, elastic scattering reactions H(~d, p)d or H(~p, p)p were used
for the deuteron and proton beams, respectively [63]. A coincidence detection of the
ejectile and recoil particles in both reactions reduced the background drastically.

4.1.1 The proton beam

The polarization of the 190 MeV proton beam was switched between three spin
states (up, off and down) every 2 minutes. There is a simple relation between
the polarization of the incoming proton beam and the asymmetry of the reaction
H(~p, p)p. If one measures the asymmetry and knows the analyzing power of the
reaction, the polarization can be extracted from

pi =
1

Ap
y cosφi

Li −Ri

Li +Ri
, (4.1)

where φi(6= 90◦) is the angle between the normal vector to the ith plane of the
polarimeter and the polarization direction, and Li(Ri) is the number of coincidence
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54 Chapter 4: Data Analysis

events counted on the left(right) side of the polarization axis in the ith plane. The
analyzing power Ap

y of the elastic proton-proton reaction was obtained from the
partial-wave analysis of Nijmegen group which fits the existing NN data set with
very good precision.

To take into account the instrumental asymmetry, a measurement with an un-
polarized beam was also performed. The observed asymmetry for the unpolarized
beam originates from the geometrical asymmetry of the instrument. To produce an
unpolarized beam, the hexapole magnetic field and the transition units of the POLIS
were turned off. If we refer to the number of coincidence events counted during the
hexapole-off measurement by Li

0 and Ri
0, the correct polarization of the beam can

be obtained from [69]

pi =
1

Ap
y cosφi

Y i
L − Y i

R

Y i
L + Y i

R

,

with Y i
L =

Li

Li
0

and Y i
R =

Ri

Ri
0

.

(4.2)

One must notice that it is assumed that the left and right scattering angles are
equal and the solid angle and efficiencies are the same for both runs, polarized and
unpolarized beams, i.e., they are not time dependent.

Though, the py(px) component of the polarization can be calculated from the
counts of the detectors in only the 0◦(90◦) plane, all four planes of the IBP were
used to achieve a better statistical uncertainty. One should notice that, by design,
the laboratory frame for IBP is exactly the same as the incoming helicity frame; as
introduced in Sec. 2.4. Therefore, x, y and z in the laboratory frame are equal to
s, n and l in the incoming helicity frame. To obtain the polarization of the proton
beam from the detectors of all four planes, the function

P (φ) = A cos(φ+ α) (4.3)

with the free parameters, A and α, was fitted to the polarization values obtained
from the four planes. The py and px components were then calculated from

py = A cosα,

px = A sinα.
(4.4)

The results of the IBP data analysis are shown in Figs. 4.1 and 4.2 for the experi-
ments performed in 2002 and 2005, respectively. The time is given in run numbers.
The data of Fig. 4.1 were taken in about 44 hours and the absolute value of the
y-component of the polarization seems to decrease by about 2% in the course of
time. This change is due to accumulation of dirt on the gas nozzel of the ion source.
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Figure 4.1: The x and y components of the polarization of the proton beam at 190 MeV

as a function of run number, for the experiment performed in 2002. Every run corresponds

to a BBS data file of a few million events which were registered in parallel with the IBP.

The absolute value of the polarization seems to decrease in the course of time. The total

time spent to obtain the data displayed in this figure is about 44 hours. Lines are fits to the

data which were used in the further analysis.
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Figure 4.2: The same graph as 4.1 for the experiment performed in 2005. The polarization

was fluctuating at the beginning of the experiment. Wherever the fluctuations were statis-

tical, a constant was fitted to the data points and the results of the fit was used. The points

with big fluctuation were used individually in the analysis of the data. A particular beam

polarization which produced a negligible polarization of the outgoing particle at a certain

scattering angle was not used. This results in the gaps observed in the figure. The total

time spent to obtain the data displayed in this figure is about 24 hours.
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Table 4.1: The coefficients of the line, p = bt+a, where t is the run number, fitted to every

data set which was taken within 44 hours in 2002 and it shown in Fig. 4.1. The errors are

statistical. It is, however, known that the IBP has 0.02 systematical error which is added

to the errors in the calculations.

py a δa b δb χ2

up 0.720 0.002 −0.00042 0.00006 0.6
off 0.090 0.002 −0.00013 0.00007 0.38

down −0.750 0.002 0.00023 0.00006 0.72

px a δa b δb χ2

up 0.020 0.002 0.00019 0.00006 0.92
off 0.020 0.002 0.00013 0.00007 1.03

down 0.010 0.002 0.00017 0.00006 0.6

The data of Fig. 4.2 were taken in about 24 hours. As can be seen, the polarization
fluctuated strongly in the begining. The analysis of the data showed that the px

component was not zero, however, it was expected to be zero for a beam produced
by a cyclotron. The reason for having a small px component is not presently known.
The average polarization of the data taken in 2005, Fig. 4.2, was smaller than the
average polarization for data taken in 2002, Fig. 4.1. This was due to a source pro-
blem. The coefficients of the line fitted to the data in Fig. 4.1 are given in Tab. 4.1.
The lines fitted to the data of Fig. 4.2 are constant numbers and the results are
tabulated in Tab. 4.2. However, where the fluctuations are large, the polarization
of each point was used individually in the analysis of the BBS data.

4.1.2 The deuteron beam

The polarization of the 180 MeV deuteron beam switched every 2 minutes between
five states of “pure” positive tensor, “pure” negative tensor, “pure” vector up, “pure”
vector down and off. Notice that, the pure positive tensor, for example, means the
tensor component of the polarization was positive while the vector component was
about zero. We chose a center-of-mass angle of θc.m. = 99.7◦ (θp = 39◦, θd = 28.12◦)
for the IBP detectors. At this angle, the values of vector and tensor analyzing
powers are fairly high. Concerning the kinematics of the elastic H(~d, p)d reaction,
the particle detectors at θd = 28.12◦ can detect protons and deuterons whereas the
detectors at θp = 39◦ only receive protons. In Fig. 4.3, the curved band in the
left panel which ends in the blob above channel 1250 -on the “Long-gate” axis- is
made by protons. The protons in the blob have arrived in time coincidence with
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Table 4.2: The polarization of the proton beam used in 2005. A constant was fitted to

data points which had statistical fluctuations. Points with large fluctuations were used

individually. These data were taken within 24 hours and are shown in Fig. 4.2.

spin state py ∆py χ2 px ∆px χ2

u1 0.350 0.004 0.6 –0.013 0.004 1.2
u2 0.400 0.004 1.1 0.002 0.004 1.0
u3 0.440 0.002 0.8 –0.008 0.002 2.0

off1 0.001 0.001 0.7 0.001 0.001 1.0
off2 0.070 0.001 1.2 –0.003 0.001 2.1

d1 –0.520 0.004 1.0 0.002 0.004 0.3
d2 –0.530 0.002 0.1 –0.001 0.002 0.5
d3 –0.530 0.002 1.3 0.010 0.002 4.0
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Figure 4.3: Short-gate vs. Long-gate integration of charge for a proton detector (left) and

a deuteron detector (right). The blob above channel 1250 on the Long-gate axis in the left

panel is formed by protons which have arrived in time coincidence with deuterons shown in

the blob observed around channel 1250 on the Long-gate axis of the right panel.

deuterons. These time-coincident deuterons form the blob at around channel 1250
on the “Long-gate” axis in the right panel of Fig. 4.3.

The background was almost completely removed by putting a gate around the
time coincident particles (blobs) in both proton and deuteron graphs. Figure 4.4
shows the coincident events for a pair of proton and deuteron detectors. The gate
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Figure 4.4: Deposited energy (ADC channel) in a proton detector versus that in a deuteron

detector for coincidence events after putting a cut around the blobs for coincident protons

and deuterons in Fig. 4.3.

was wide enough so that if the blob moved due to small gain shifts, the good events
would still remain inside the gate. This might increase the effect of the remaining
background under the peak, so the background was studied as well. The number of
events at higher energy (larger channel numbers than where the blob is) was so few
that their effect could be neglected. A similar gate was placed in the background
(outside the blob at lower energy) and the obtained events were used to calculate
the polarization, assuming that the polarization of these events is similar to the
polarization of the background under the blob. The vector polarizations were the
same within the error bars. For the tensor components, the biggest difference be-
tween the polarizations calculated from the blob events and the background events
was 5% of the polarization obtained from the blob. Considering the fact that the
total events in the background under the peak was estimated to be at most 7% of
the good events, the overall background effect is about 0.35% which is less than the
known systematic error of the IBP [63].

The cross section of H(~d, p) reaction is written as [57]

I(θ, φ) = I0(θ)

[

1+
√

3pZiT11(θ) cosφ− 1√
8
pZZT20(θ)−

√
3

2
pZZT22(θ) cos 2φ

]

, (4.5)

where θ and φ are the polar and azimuthal angles, iT11 is the vector analyzing
power and T22 and T20 are tensor analyzing powers; see chapter 2. By measuring
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the following asymmetries, with Y i = N i/N i
0,

ALR =
Y i

L − Y i
R

Y i
L + Y i

R

,

ALRUD =
(Y i

L + Y i
R) − (Y i

U + Y i
D)

(Y i
L + Y i

R) + (Y i
U + Y i

D)
,

(4.6)

the tensor, pZZ , and vector, pZ , polarizations of the deuteron beam are obtained
from

pZZ =
ALRUD

(1/
√

8)T20ALRUD − (
√

3/2)T22

,

pZ =
ALR√
3iT11

(

1 − pZZ

(

1√
8
T20 +

√
3

2
T22

))

.

(4.7)

In the same manner as for proton polarization, the instrumental asymmetry was
corrected for by hexapole-off measurement. The data for the hexapole-off were
analyzed in the same way as the data with polarized beam. The analyzing powers
in Eq. 4.7 were obtained in a separate experiment performed at RIKEN in Tokyo [70].
They are T11 = −0.426 ± 0.006, T20 = −0.238 ± 0.002 and T22 = −0.208 ± 0.003 at
θc.m. = 101◦ for the elastic H(~d, d)p reaction at 90 MeV/nucleon . The systematic
error of these observables is 2% at the corresponding c.m. angle.

The results of the deuteron polarization measurements as a function of time (run
number) for the experiments performed in 2002 and 2005 are shown in Figs. 4.5 and
4.6 and tabulated in Tab. 4.3 and Tab. 4.4, respectively.

4.2 Analysis of the BBS data

We have done two experiments with the BBS. The goal of the main experiment
utilizing the reaction H(~d, ~p)d was to study some of the spin observables in a three-
nucleon system such as analyzing powers and polarization transfer coefficients. In
this experiment, it was necessary to measure the polarization of the scattered pro-
tons by the ESN detection system in a double-scattering experiment. To measure
the polarization of the secondary proton beam, the beam must be subjected to a
secondary scattering in the ESN polarimeter. To calibrate the ESN polarimeter for
such a measurement, the H(~p, ~p)p reaction was used, for which the NN-potential
is well studied. In the calibration experiment, the angle-averaged effective analy-
zing power of p-C reaction was measured for the energy range of 45–136 MeV1 and
compared with the existing data which are only available for energies above 90 MeV.

1 This energy is the kinetic energy of the protons at the center of the graphite slab.
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Figure 4.5: The vector, PZ , and tensor, PZZ , components of the polarization of the

deuteron beam for the experiment performed in 2002. The graphs from top to bottom

show positive vector, negative vector, off, positive tensor and negative tensor states of beam

polarization, respectively. The horizontal axis is the run number and corresponds to time.

The total time spent to obtain the data displayed in this figure is about 90 hours. Every IBP

run shown here corresponds to a BBS data file of a few million events which were registered

in parallel.
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Table 4.3: The values of the polarization for all 5 spin states for deuteron beam at 180

MeV in the experiment of 2002. The values have been obtained by a fit to a group of data

points, as shown in Fig. 4.5, for the periods of time in which the polarization seems to be

constant within the statistical uncertainties.

spin state pZ ∆pZ χ2 pZZ ∆pZZ χ2

vu1 0.397 0.004 0.6 0.005 0.012 0.8
vu2 0.421 0.004 2.5 0.002 0.011 1.3
vu3 0.407 0.003 0.4 −0.027 0.008 1.4
vu4 0.387 0.003 0.9 −0.023 0.009 2.7
vu5 0.413 0.004 0.4 −0.038 0.010 0.4
vu6 0.427 0.003 0.6 −0.041 0.008 0.5
vu7 0.405 0.003 0.3 −0.030 0.009 1.7
vu8 0.418 0.003 0.2 −0.014 0.010 0.4
vu9 0.332 0.003 0.8 −0.021 0.007 0.5
vu10 0.385 0.003 1.5 −0.030 0.009 1.0

vd1 −0.566 0.003 2.3 0.010 0.007 1.3
vd2 −0.541 0.002 0.6 0.019 0.005 1.4
vd3 −0.552 0.002 0.8 0.019 0.006 0.4
vd4 −0.459 0.003 1.5 0.013 0.007 0.5
vd5 −0.548 0.003 0.4 −0.008 0.009 1.7

off 0.011 0.001 1.1 −0.017 0.003 1.1

tu1 −0.077 0.002 1.7 0.546 0.006 0.8
tu2 −0.072 0.003 1.0 0.506 0.008 0.7
tu3 −0.072 0.002 0.8 0.550 0.005 1.5
tu4 −0.081 0.003 1.2 0.420 0.007 1.5
tu5 −0.100 0.003 1.1 0.502 0.010 1.3

td1 −0.042 0.004 0.4 −1.024 0.005 1.4
td2 −0.065 0.004 0.6 −1.024 0.005 1.4
td3 −0.042 0.003 2.2 −1.024 0.005 1.4
td4 −0.023 0.005 3.1 −1.024 0.005 1.4
td5 −0.016 0.004 0.6 −1.024 0.005 1.4
td6 −0.021 0.002 3.7 −0.948 0.006 1.6
td7 −0.002 0.002 2.2 −1.030 0.007 1.4
td8 −0.020 0.003 0.7 −0.973 0.010 1.7
td9 −0.008 0.003 1.9 −1.009 0.008 2.4
td10 −0.023 0.004 0.8 −0.811 0.010 0.3
td11 −0.043 0.003 0.9 −0.801 0.010 0.3
td12 −0.056 0.003 1.6 −0.998 0.008 0.4
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Figure 4.6: The same as in Fig. 4.5 but for the experiment performed in 2005. Note also

that the data points with large fluctuations were used individually in the data analysis of

the corresponding BBS data. The total time spent to obtain the data displayed in this figure

is about 72 hours.
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Table 4.4: The same as Tab. 4.3 except for the experiment in 2005 shown in Fig. 4.6.

spin state pZ ∆pZ χ2 pZZ ∆pZZ χ2

vu1 0.461 0.005 0.8 0.062 0.014 1.5
vu2 0.443 0.003 0.5 0.124 0.008 3.5
vu3 0.457 0.003 1.1 0.069 0.008 1.9
vu4 0.472 0.003 0.7 0.030 0.008 0.6
vu5 0.338 0.004 0.6 −0.655 0.013 0.3

vd1 −0.570 0.005 3.0 −0.003 0.014 1.2
vd2 −0.595 0.002 1.0 0.028 0.005 1.2
vd3 −0.578 0.003 0.5 −0.018 0.008 1.4
vd4 −0.522 0.004 1.0 −0.563 0.013 1.6

off −0.004 0.004 0.7 0.001 0.011 0.7

tu1 0.011 0.002 1.3 0.880 0.006 1.3
tu2 −0.083 0.003 1.2 0.582 0.009 1.5
tu3 −0.113 0.005 0.5 −0.062 0.014 1.8

td1 −0.098 0.004 0.1 −1.265 0.011 0.1
td2 −0.080 0.003 4.5 −1.383 0.007 1.1
td3 −0.104 0.002 0.7 −1.317 0.007 1.0
td4 −0.094 0.003 0.8 −1.782 0.009 0.4

In both experiments, a polarized beam, produced by an ion source, scattered
from a CH2 or liquid-hydrogen target at the BBS target chamber. The polarization
of the initial beam was measured by the IBP on its way to the BBS target chamber.
The scattered protons, from either of the experiments, were sent through the dipole
magnet of the BBS and focused on the focal plane of the spectrometer where the
VDCs are placed. The VDC information was used to deduce the scattered proton
coordinates at the target by using the optical properties of the spectrometer; see
Sec. 4.2.2. These protons were subjected to a secondary scattering from various
graphite slabs with a density of 1.84 [gr/cm3] which is part of the ESN polarimeter.
The MWPCs, which are positioned after the graphite slab, had a large acceptance
enabling one to measure the asymmetry of the secondary p-C reaction. The asym-
metry of the reaction, As, is directly related to its analyzing power, Ac, and the
polarization of the secondary proton beam, p,

As = pAc. (4.8)

Therefore, by measuring the asymmetry either the polarization or the analyzing
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power can be calculated if one knows the other quantity. In the calibration exper-
iment, the polarization was calculated as discussed in Sec. 2.4 and the analyzing
power was then obtained, whereas in the H(~d, ~p)d experiment, the calibrated analy-
zing power was used to calculate the polarization of the outgoing protons.

To analyze the data, first the raw data were transformed into physical quantities
and stored in NTUPLE. These physical quantities were then used to calculate results,
using PAW and MINUIT from the CERN library. To exclude the background as much
as possible, there were several conditions that were applied to the data. Some of
the event selections were performed during the raw data analysis and before storing
them into the NTUPLE. Some other conditions were applied to the data stored into
the NTUPLE. Hereafter, the steps in the data analysis are explained one-by-one.

4.2.1 First data reduction

During the measurements, it was realized that sometimes the beam intensity dropped
suddenly to less than 20% of its nominal value; this was due to a source problem. It
turned out that the beam polarization was not reliable during these times, and thus
the events obtained under these circumstances were excluded. It was tested that the
choice of 20% is not critical. The other cut that was applied before storing the data
into the NTUPLE was a cut on the target angles. Events were excluded if their target
angles, obtained from the ray-tracing procedure, were far larger than the opening
angles of the BBS. In total, we lost less than 2% of the total events after applying
these two cuts.

4.2.2 Ray-tracing procedure

In a magnetic field, charged particles move in a bent trajectory. The radius of the
trajectory, ρ, is linearly related to the momentum oe the particle, p = mv via

Bρ = mv/q, (4.9)

where B is the magnetic-field strength, q is the charge and m the relativistic mass
of the particle. The quantity Bρ is called the rigidity. The deviation of the rigid-
ity of a particle with respect to the particle traveling along the central ray of the
spectrometer with trajectory radius, ρ0, is defined as

δ =
Bρ−Bρ0

Bρ0
. (4.10)

By adjusting the dipole-field strength, the particles can be positioned at a certain
position at the focal plane of the spectrometer. During the experiment, the dipole
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Figure 4.7: The target angles θt and φt and the spherical angles θ and φ.

magnetic field was set to position the particles of interest at the center of the focal-
plane. The quadrupole fields were adjusted to perform almost a point-to-parallel
focusing over the focal-plane region. This setting allows a one-to-one relation be-
tween the extracted information from position-sensitive detectors at focal plane and
the target coordinates:

αt =
∑

(αt|xχ
dθ

µ
dy

λ
dφ

ν
d)xχ

dθ
µ
dy

λ
dφ

ν
d. (4.11)

In equation 4.11, αt can be θt, φt or δ; subscript ‘t’ refers to target coordinates
and subscript ‘d’ to those of the detector. The coordinates xd and θd describe the
position and the angle of the trajectory, respectively, in relation to the central ray
in the horizontal plane and similarly for yd and φd in the vertical plane. To obtain
the coefficients of Eq. 4.11 a sieve-slit measurement was performed. The sieve slit
is a plate with a regular grid of holes which is placed at the entrance of the BBS.
Knowing the distance of the neighboring holes, target coordinates θt, φt and δ of
the sieve slit can be calculated.

The target coordinates are determined independently from the angle at which
the BBS is placed, however they are related to the spherical angles of the scattering.
Figure 4.7 shows the relation between the target angles and the spherical angles.
The direction of the outgoing particle, r̂, is given by

r̂ =





sin(ΘBBS + θt) · cosφt

sinφt

cos(ΘBBS + θt) · cosφt



 .
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of the tracks, xd, should be projected to a displaced focal-plane with a tilt angle of ψ.

Now, the polar angles can be calculated

θ = arccos(ẑ · r̂) = arccos(cos(ΘBBS + θt) · cosφt), (4.12)

φ = arctan(
r̂y
r̂x

) = arctan

(

tanφt

sin(ΘBBS + θt)

)

. (4.13)

4.2.3 Recoil correction

Scattered particles, emerging from target, leave recoils with different energies de-
pending on their scattering angle. This causes the effect of kinematic broadening,
described in [71]. This effect can be compensated by projecting the horizontal po-
sition of the particles at focal plane, xd, into a displaced focal plane, x′f , shown in
Fig. 4.8. In the figure the coordinate systems used as focal-plane coordinate sys-
tem and displaced focal-plane coordinate system are shown; ψ is the angle between
the two planes. The amount of the displacement, L, is a function of the kinematic
broadening factor K, defined by:

K =

∣

∣

∣

∣

∣

1

p

∂p

∂θ

∣

∣

∣

∣

∣

[
1

mrad
], (4.14)
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Figure 4.9: The horizontal focal-plane angle θd versus the focal-plane position. The left

panel is before the recoil correction and the right panel is after the correction for the protons

of H(~d, ~p)d reaction, the middle band. The other bands at the right side of the graphs come

from the 12C(d,p)13C reaction. The excitations of the recoil carbon are also seen clearly.

and some first-order transport matrix elements of the spectrometer sii:

L =
−s11s16K

1 + s11s26K
(4.15)

where s11 = −0.45, s16 = 2.54 [cm/%] and s26 = 7.32 [mrad/%]. The kinematic
factor was calculated using the two-body kinematics code KINEMA [72]2. The
transformation relation between the two focal-plane coordinates can be derived from
Fig. 4.8.

x′f =
(xm + L cosα− xd) tan(α− θd) − L sinα

sinψ − cosψ tan(α− θd)

Figure 4.9 shows the focal-plane angle θd versus the focal-plane position before
and after the recoil correction. The projection of a vertical line to xf axis gives a
sharper and well-defined peak for the properly-corrected line, whereas the oblique
lines produce a broad peak. The background can be fitted and subtracted from a
peak of interest in a more efficient way if one has a sharp peak.

2 More details about the effect and its software correction can be found in Refs. [66, 71, 73].
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Figure 4.10: The tracks of a particle before and after scattering from the graphite slab. ~d

is the the distance of closest approach.

4.2.4 Track reconstruction

The track of the particles before and after scattering from the carbon sheet were
extracted from the VDCs and MWPCs information. During our experiments, only
two of the MWPCs after the graphite slab were working, while discriminating be-
tween a real event and an event with a ringing wire would, in principle, need the
third MWPC. To discriminate between a real wire hit and a ringing wire, the in-
coming and outgoing tracks were extrapolated to meet each other at the middle of
the graphite slab; see Fig. 4.10. In case there were more than one hit per MWPC
plane per event, the hit with the closest approach was accepted. The top panel in
Fig. 4.11 shows the closest approach for events with θc > 5◦.

4.2.5 The calibration of the BBS polarimeter

Data reduction

Excluding the background is the most important part of an analysis. This needs
a good knowledge of the reaction and the instrument. In the H(~p, ~p)p reaction,
the protons scattered not only from the hydrogen target but also from the carbon
nuclei of the target in case of CH2 or from the collected frozen dirt in case of the
liquid hydrogen target. Moreover, if the beam had halo, there would also be some
scattering from the target-holder material. There were also other sources for the
background, such as radiation from the beam stop.

In the experiment, the magnetic field of the spectrometer was set in order to
get the elastically-scattered protons from the proton target in the middle of the
focal plane. The protons which were scattered from the other elements or scattered
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Figure 4.11: Upper graph is the distance of closest approach, |~d| shown in Fig. 4.10 for

events with a secondary scattering angle θc > 5◦. The lower graphs are the z-coordinate

of the vertex position for the protons scattered from the graphite slab; left graph is for

all events and right graph is only for protons that scattered via hadronic interaction with

θc > 5◦. The shaded area on the lower right graph is the position of the carbon analyzer

and the dashed lines in the graphs indicate the cuts applied during the data analysis. The

vertical axis represents the number of events.

inelastically had normally different rigidities. Therefore, they ended up at different
positions of the focal plane. After recoil correction, the elastically-scattered protons
formed a band in the scatter plot of θd versus xf , as shown in Fig. 4.9. By putting
a cut around the band of interest, one only looks at the events of interest and the
background under the peak.

Two other gates could be applied; one on the z-position of the vertex and one
on the closest approach. Fig. 4.11 shows these quantities and the gates for a run
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with a 5 cm-thick graphite slab. The top panel in Fig. 4.11 is the closest approach
for events with θc > 5◦. The lower left graph is the z-coordinate of the vertex
position for all protons scattered from the graphite slab. The lower right graph is
the z-coordinate of the vertex position only for protons that scattered via hadronic
interaction with θc > 5◦. The dashed lines in Fig. 4.11 show the gates applied during
the data analysis. It is observed from the lower right panel of the figure that the
FWHM of the peak is about the thickness of the graphite slab. However, for the
lower-energy scattered protons where a 2.5 or 1 cm-thick slabs were used the FWHM
was larger than the graphite thickness. This is due to a larger angular straggling in
the graphite slab. As can be observed from the lower graphs in Fig. 4.11, the cut
could throw away many events with Coulomb multiple scattering which leads the
track reconstruction to a wrong vertex position. However, the hadronically-scattered
protons of interest which have a scattering angle, θc, larger than say 5◦ were less
affected.

Data analysis

The usual method of measuring the polarization of a beam is to study the asymmetry
of its scattering from a target. Using an unpolarized target such as 12C is very usual
because the spin correlation coefficients do not play any role and a carbon target in
the form of graphite can be easily prepared with various thicknesses.

In our calibration experiment, the H(~p, ~p)p reaction, a beam of 190 MeV po-
larized protons was scattered from a hydrogen target. The scattered protons had
different energies corresponding to the polar angle of the scattering. The experiment
was performed at several angles resulting in energy steps of 5 MeV. To obtain the
angles, the kinematics of the reaction was calculated with the use of the program
KINEMA. Since all the particles involved in the scattering carry spin, the scattered
beam could, in principle, be polarized. The polarization of the scattered beam was
calculated from Eq. 2.73; the analyzing power and the polarization-transfer coeffi-
cients were taken from the Nijmegen PWA93 [58] which is fitted to about 4300 data
with χ2/N ' 0.99. Figure 4.12 shows the polarization of the scattered beam in the
laboratory frame after the first scattering from the hydrogen target; up, down and
off denote the incoming beam polarization states produced by the ion source and
measured by IBP; see Sec. 4.1.1. In the angular range of the experiment (22.4◦ to
54.5◦), the x′-component is about zero and z′-component is less than ±0.01. These
two components rotate in the BBS dipole, converting to each other. The preces-
sion angle in the BBS dipole is about 108◦. Therefore, the z′-component produces
an x′-component of about pz′ sin 108◦. In other words, the x′-component of the
polarization, arriving at the ESN, was much less than ±0.01 and, thus, ignored.

The secondary polarized beam of protons scattered again from the graphite slab
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Figure 4.12: The polarization of the scattered polarized protons from the hydrogen target.

Up, down and off refer to the polarization of the initial beam produced by the ion source.

that was used as polarimeter target of the ESN. Graphite slabs with three different
thicknesses were used: 1, 2.5 and 5 cm depending on the energy of the secondary
beam. The thickness of the slabs was chosen so that the protons could pass through
it and reach the second scintillator plane of the BBS, making an event. The majority
of the protons are scattered to small angles via the multiple-Coulomb interaction
and only a small fraction of them are scattered by hadronic interaction to larger
angles.

The hadronic interaction is spin dependent and causes an asymmetric distribu-
tion of the scattered particles. This asymmetry is polar-angle dependent and is,
generally, non-zero for θc > 5◦. This results in an azimuthal-angle, φc, dependent
cross section. From Eq. 2.73, we have

I(θc, φc) = I0(θc)

(

1+pnAc(θc)

)

= I0(θc)

(

1+(px′ sinφc+py′ cosφc)Ac(θc)

)

(4.16)

where px′ and py′ are the beam polarization. The index c denotes the scattering
from graphite slab. Notice that, in our experiment, the px′ was negligible and An is
replaced by Ac for analyzing power of the p-C reaction. There are several methods
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Figure 4.13: The φc distribution of the scattering of protons from the graphite slab with

θc > 5◦ along with a fit to the data.

with which one can extract the analyzing power Ac. We checked the consistency
of three different methods namely estimators, φ-fit and “left-right”. The extracted
asymmetry from all three methods were the same within the statistical uncertain-
ties. However, to extract the results shown in the next chapter, only left-right
method, which is easy to apply, was used. In the following, all three methods will
be explained.

φ-fit method

Since the cross section of the p-C reaction is azimuthal-angle dependent (Eq. 4.16),
the φc distribution of the events must show a cosφc pattern as seen in Fig 4.13. If
one fits a function of y = p1(1 + p2 cosφc) to the data, the amplitude of the cosφc

term is simply the asymmetry of the reaction. We refer to this method as φ-fit
method. Since we are interested in the angle-averaged analyzing power, only events
with θc > 5◦ are included in the fit. In addition, all φ’s are needed for the fit.
Therefore, θc angles were chosen which had a complete φ acceptance of the detector.
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Estimators for azimuthal asymmetry

The φ angular distribution, f(φc), of spin 1
2 particles in a θ bin, concerning the

acceptance of the detector, a(φc), is given by

f(φc) =
1

2π

(

1 + εn cosφc + εs sinφc

)

a(φc), (4.17)

where

εn(θc) = py′An(θc),

εs(θc) = px′An(θc).

Besset et al. [74] showed that for a detector with a(φc) = a(φc + π) one can write

∫ 2π

0
f(φc) cosφcdφc =

∫ 2π

0
f(φc)

(

εn cos2 φc + εs sinφc cosφc

)

dφc,

∫ 2π

0
f(φc) sinφcdφc =

∫ 2π

0
f(φc)

(

εn sinφc cosφc + εs sin2 φc

)

dφc,

since for an odd value of m + n,
∫ 2π
0 f(φ) sinm φ cosn φdφ = 0. If one estimates the

integrals by summing over the events, one obtains

(∑

ev cosφc
∑

ev sinφc

)

'
( ∑

ev cos2 φc
∑

ev sinφc cosφc
∑

ev sinφc cosφc
∑

ev sin2 φc

) (

εn
εs

)

(4.18)

or in matrix form B ' Fε where

B =

(∑

ev cosφc
∑

ev sinφc

)

, (4.19)

F =

( ∑

ev cos2 φc
∑

ev sinφc cosφc
∑

ev sinφc cosφc
∑

ev sin2 φc

)

(4.20)

and

ε =

(

εn
εs

)

(4.21)

The asymmetries can be calculated from ε̂ = F−1B. The statistical errors of the
estimators are given by the covariance matrix V (ε̂) = F−1; see Ref. [74].
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Figure 4.14: A polar angle bin, ∆θc between θc and θc + ∆θc. φc is the angle between the

y axis in laboratory and the normal vector to the scattering plane.

Left-Right method

With the two MWPCs of the ESN, which were placed after the graphite slab, polar
angles, θc, up to about 35◦ and azimuthal angles, φc, from 0◦ to 360◦ can be measured
in a large part of the polarimeter. In every bin of ∆θc, all the events with 0◦ < φc <
90◦ and 270◦ < φc < 360◦ were counted as Left (L) and particles with 90◦ < φc <
270◦ were counted as Right (R); see Fig. 4.14. Therefore,

L =

∫ 90

0
I(θc, φc)dφc +

∫ 360

270
I(θc, φc)dφ,

R =

∫ 270

90
I(θc, φc)dφc.

With this definition and using Eq. 4.16, the asymmetry, As, of the reaction p-C can
be obtained from the left-right counting:

As =
L−R

L+R
(4.22)

In Fig. 4.15, the asymmetry of p-C reaction obtained with the left-right and the
estimators methods is compared. As it is seen from the figure, the results of the
two methods are perfectly consistent. The asymmetry below 5◦ where Coulomb
scattering is dominant must be very small. Therefore, this asymmetry must have
another source and should be corrected for in another way as discussed later.

Every detection system has imperfections leading to instrumental asymmetries.
The misplacement of the wire chambers is one source of the instrumental asymmetry.
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Figure 4.15: Asymmetry versus scattering angle from the graphite slab θc before correcting

for instrumental asymmetry. The energy of protons at the center of the graphite is 105.4

MeV for this measurement. The triangles were obtained from the left-right method and the

circles were obtained using the estimators method. There is a good agreement between the

two methods.

To align the MWPCs, measurements were done without the graphite analyzer. For
such a measurement, almost all of the particles move straight and without deflection
after the dipole magnet. Therefore, the track of the particles obtained from MWPCs
must be aligned with that obtained from VDCs. Figure 4.16 shows the distance
between the two tracks obtained from VDCs and MWPCs after the alignment of
typically 1-2 mm is made.

The vertex-position of the second scattering should be inside the graphite slab.
The particles scattered from the slab to angles θc and φc, form a cone. Since the
geometrical acceptance of the MWPCs is limited and not all protons impinging on
the slab hit the center of the graphite, there would not be a full φ coverage for
every bin of ∆θc. To correct for such an asymmetry, the so-called cone test was
performed [75]. One can make sure that one picks up either the events that make a
complete cone or the events for which the mirror image of their tracks are also inside
the geometrical acceptance. In other words, for every event the outgoing track is
rotated around the incoming track of the particle by 180◦ and if the rotated track
is still inside the geometrical acceptance, the event is accepted.

Some small instrumental asymmetries would still remain after the above checks
and corrections. For instance, the MWPCs inefficiencies show up as asymmetry. To
measure this false asymmetry, one should use an unpolarized beam impinging on the
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Figure 4.16: Collinearity of the tracks of particles extracted from VDCs and MWPCs for

a measurement without graphite analyzer. The left graph is for x-coordinate and the right

one is for y-coordinate.

graphite slab. If an asymmetry is seen for such an unpolarized beam, it should be,
by definition, an instrumental asymmetry. To obtain an unpolarized proton beam
after the first scattering from the hydrogen target, one can use the proton beam in
the off spin-state, with py = +0.09 ± 0.02, and place the BBS at 41◦. As can be
seen from Fig. 4.12, the polarization after scattering, py′ , is zero. A measurement
in 2002 with this beam showed a small asymmetry of about 0.02. The results of the
analysis showed that this small false asymmetry did not change during the whole
experiments done in 2002. Alternatively, using an unpolarized incident beam while
the BBS was placed at θBBS = 43.6◦, where the induced polarization is known to be
zero, also results in unpolarized protons after the primary scattering. This beam was
used to measure the instrumental asymmetry in 2005. The instrumental asymmetry
was still small, but not constant. It fluctuated in the course of time between –0.02
and –0.03. Although this instrumental asymmetry was very small, its effect on the
results of the polarization measurements was sizable and had to be corrected for.
Notice that the background can affect the observed instrumental asymmetry.

In order to correct for the overall remaining instrumental asymmetry, the method
introduced in [69] was used. If the instrumental asymmetry does not change in time,
a polarized-unpolarized method can be used. The measurement with the unpolarized
beam could be performed before or after the measurement with polarized beam. This
method was used to analyze the IBP data. In case, the instrumental asymmetry
does change in time because of a changing background for example, the best method
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Figure 4.17: The analyzing power, Ac, for p-C reaction as a function of polar angle θc.

The results were extracted from the left-right calculation of Eq. 4.23.

is to measure the analyzing power from two different polarization measurements
performed shortly after each other. Suppose, L1(R1) and L2(R2) are the left(right)
counting corresponding to two different polarizations, py′1 and py′2, respectively.
The analyzing power can then be obtained from:

Ac =
π(py′2 − py′1)

4py′1py′2

{

YL + YR

YL − YR
−

√

(

YL + YR

YL − YR

)2

+
4py′1py′2

(py′2 − py′1)2

}

, (4.23)

where

YL =
L1

L2
and YR =

R1

R2
. (4.24)

Since in the experiments performed in 2002, the instrumental asymmetry was al-
most constant, the results obtained from a polarized-unpolarized method and from
Eq. 4.23 were consistent within the statistical uncertainties. However, since the
instrumental asymmetry changes with time during the experiments in 2005, only
Eq. 4.23 should be used for the calculation of the analyzing powers. Figure 4.17
shows the analyzing power, Ac, as a function of the scattering angle θc as obtained
from Eq. 4.23. The small analyzing power below 5◦, as compared with that shown in
Fig. 4.15, shows that this method accounts properly for the instrumental asymmetry.
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4.2.6 Analysis of the H(~d, ~p)d reaction

The aim of the present experiment was to measure a number of observables in elastic
scattering of deuterons from protons. The observables that could be measured for
the H(~d, ~p)d reaction were unpolarized cross section I0, vector analyzing power Ad

y,
tensor analyzing power Ayy, induced polarization P ′

y, vector polarization-transfer

coefficient Ky′

y and tensor polarization-transfer coefficient Ky′

yy. The superscript “d”

of the vector analyzing power of the H(~d, ~p)d reaction is used to avoid confusion
between this analyzing power and the p-C analyzing power of the previous section
and also the analyzing power measured with a polarized proton beam on a deuteron
target.

The data were analyzed in two steps. In the first step, the unpolarized cross
section and the analyzing powers were extracted from the data. In the second step,
the polarization-transfer coefficients and the induced polarization were obtained.
In the following sections, these steps are outlined. All pre-analysis data reduction
techniques as used for the calibration experiment were also used for these data.

The measurements were performed in two parts. In 2002, a solid CH2 target
was used. As shown in Fig. 4.18, a large background from the carbon content of the
target was present in the measurement. As the scattering angles become smaller in
center-of-mass (C.M.) frame, the energy spread of the elastically-scattered protons
of reaction H(~d, ~p)d over the opening of the detector becomes larger which makes
the peak wider. This results in a smaller ratio of signal to noise and the unwanted
background poses a problem in the run time. Moreover, for the smaller angles, 90◦

to 110◦, the energy of scattered protons is low and thus the analyzing power of
p-C for the secondary scattering at polarimeter becomes rather small; see Fig. 5.2.
This decreases the figure-of-merit, as defined in Eq. 5.2, drastically. One, therefore,
needs to either increase the beam current or run for a long time. The first option
was not possible because of the computer dead time. Taking data with a typical rate
of 2.5 kHz (including the background from the carbon) would result in dead time
of up to about 65%. In order to reduce this background and increase the number
of good events while keeping the running time rather constant, a liquid hydrogen
target (LH2) of about 85 [mg/cm2] was used instead of the solid CH2 target. The
data with LH2 target were taken in 2005. Using a faster computer also improved
the rate of data taking to about 5 kHz with a dead time of typically 30%. Tab. 4.5
shows some relevant information about these measurements.

Study of the background

In order to calculate the cross sections and other observables, the background must
be studied and removed. To study the background, one needs to know the detector
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Table 4.5: Some relevant information on individual data points. The “total events” is the

total collected events over the acceptance of the VDCs including the background events.

θlab. θc.m. total events rate dead time target Analyzer Date
[deg] [deg] (×106) [kHz] [%] [mg/cm2] [cm]

4.8 169.6 35 2.6 64 109 CH2 5 2002
9.6 160.0 41 2.4 61 109 CH2 5 2002
14.4 150.0 61 2.2 52 109 CH2 5 2002
19.3 139.8 55 2.5 63 194 CH2 5 2002
24.1 129.7 72 2.3 55 194 CH2 5 2002
29.0 119.4 294 2.3 56 194 CH2 2.5 2002
33.9 109.4 196 5 22 85 LH2 2.5 2005
38.8 99.5 285 5 32 85 LH2 2.5 2005
43.8 90.0 264 5 49 85 LH2 2.5 2005

and the possible reactions between the incident beam and the target. This is a large
part of the data analysis.

In a magnetic spectrometer such as the BBS, every particle with a certain mo-
mentum shows up in a particular position at the focal plane of the spectrometer;
see Sec. 4.2.2. The magnetic field of the BBS was set to get the outgoing protons of
elastic scattering in the middle of the VDCs. Apart from these protons, there were
lower and higher energy protons and also other particles that could show up at the
focal plane. These are considered as background. These particles came either from a
reaction between the deuteron beam and the CH2 target or from radiation from the
beam stop which was placed inside the target chamber. Radiation from the beam
stop could not be prevented from reaching the focal-plane detector. However, the
trend of this background changes with the BBS angle. The reason for this is that
the relative position of the opening aperture of BBS and the beam stop changes as
the BBS angle changes.

For some angles, the energy of the deuterons from the elastic channel is about
half of the energy of the protons but their rigidity is the same. However, the energy
of these deuterons is not enough to punch through the carbon analyzer and reach the
S2 scintillators. Therefore, they cannot make the trigger, which was produced by a
coincidence signal between S1 and S2. As a result, they do not form any background
at these angles.

H(d, p)pn and 12C(d,p)13C were the most important reactions for which the
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Figure 4.18: The x-position of the events at the focal plane of BBS, after correction for

the kinematic broadening. Both graphs were obtained for the same BBS angle but different

targets. The target for the left graph was CH2 whereas for the right graph, it was pure

carbon. The peak in the left graph originates from the protons of elastic H(~d, ~p)d reaction.

Protons from break-up channel end up at the left, low energy, side of the peak. One can see

the 2.2 MeV Q-value of the break-up. The dashed lines show the gate applied to select the

good events for the analysis of polarization observables.

outgoing protons could end up at the focal plane, since at certain angles their rigidity
did not differ much from that of the elastic protons of the H(~d, ~p)d reaction. The
protons from 12C(d,p)13C reaction had higher energies than protons of H(~d, ~p)d and
only for the small BBS angles they have the right rigidity. The bands at the right
side of the plot in Fig. 4.9 show the excitation energies of the recoil carbon from the
12C(d,p)13C reaction. For the smallest angle in the experiment, 4.8◦ in laboratory
frame, the carbon excitation bands were close to the elastic band of interest. By
increasing the BBS angle the bands belonging to scattering from carbon moved
out of the spectrometer acceptance. The protons of the break-up channel have less
energy than those of the H(~d, ~p)d reaction by at least 2.2 MeV and they form the
continuous spectrum which starts at the low energy side of the elastic scattering band
in Fig. 4.9. One can clearly see the 2.2 MeV energy difference between the elastic
protons and those of the break-up channel. Thus, the protons of these channels did
not contribute to the background underneath the elastic peak.

To learn more about the background, a measurement was performed with a pure
carbon target. As can be seen from Fig. 4.18, the trend of the background with
the pure carbon target and CH2 target in the same scattering angle look the same,
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Figure 4.19: The x-position of the events at the focal-plane of the BBS after correction

for the kinematic broadening at 140◦ in the center-of-mass frame. Left graph shows the

polynomial function that has been fitted to the background with χ2 ' 1.2. The right graph

shows the peak after background subtraction in the range that the fit is done.

except that there are no protons from the deuteron break-up channel. By increasing
the BBS angle the slope of this background increases.

To obtain the form of the background, a polynomial function was fitted to it in
the range above the elastic peak of interest up to the point where the first excitation
band of the 12C(d,p)13C reaction is expected; see Fig. 4.19. The number of events,
N , above the background and under the peak is the number of good events which
are used to extract the cross section.

To calculate the polarization-transfer coefficient, the polarization of the outgoing
protons must also be measured. Therefore, after correction for the kinematic broad-
ening a gate is placed around the elastically-scattered protons. The width of this
gate was two times FWHM. The background was about 10% (for the CH2 target)
and about 3% (for LH2 target) of the total number of events. The protons which
were inside this gate were chosen for further analysis. These protons go through
the graphite analyzer where a small fraction undergo a hadronic interaction. By
measuring the asymmetry of these large-angle hadronic interactions and using the
calibrated analyzing powers, Ac, the polarization of the protons was extracted. To
estimate the effect of background on the asymmetry another gate was set, so that
the elastic scattering peak was excluded whereas the events around the peak were
accepted. The asymmetries produced by the events using both gates were rather
close. Considering the fact that the background is a small fraction of the peak, its
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effect on spin observables can safely be discarded without even subtracting them.
For a discussion about the effect of the background on polarization see [17].

The VDC efficiency

The inefficiency of the VDC produces wrong cross sections. Therefore, it is necessary
to study this inefficiency and account for it in the analysis. There are two VDCs
both of which consist of an X and a U plane. An event that had only one hit per
each plane was considered as a good event, whereas missing or ringing wires in one
plane leads to inefficiency in our analysis as events with ringing wires were thrown
away for ease of analysis and later corrected for. To evaluate this inefficiency, the
number of events with only one hit per plane, N1, the number of events with one or
more hits per plane, N≥1, and the number of events with one hit per three planes
but missing the fourth plane, N0i, were counted separately. The efficiency of the
VDCs for ringing wires is

ε≥1 =
N1

N≥1
(4.25)

and the efficiency for the missing wire in the ith plane is

εi = 1 − N0i

N0i +N1
(4.26)

The overall efficiency of the VDCs is

ε = ε≥1

4
∏

i=1

εi (4.27)

The results for every c.m. angle at which H(~d, ~p)d reaction was measured is shown
in Fig. 4.20. The cross sections for every c.m. angle were corrected using the corre-
sponding efficiency at that angle.

4.2.7 Extraction of the polarized cross sections from data

A deuteron beam of five different polarization states was used in this experiment as
described in Sec. 4.1.2. After the data reduction, the cross section was calculated
for each of these spin states separately using the following relationship:

dσ

dΩ
=

Nq

LT ε Q ∆Ω

A cos θt

n t NA
(4.28)
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Figure 4.20: The total VDC efficiency versus c.m. angle for H(~d, ~p)d experiment. Statistical

errors are smaller than the symbol size.

where

N = number of counts under the peak after background subtraction,

LT = electronic live-time,

Q = total integrated charge collected in the Faraday cup,

∆Ω = solid angle of the detector,

ε = the VDC efficiency,

t = target thickness,

NA = Avogadro’s number,

A = atomic mass of the target,

n = number of scattering centers per mole,

q = charge of the projectile,

θt = the angle between the beam and normal to the target.

Thus, in case of a deuteron beam impinging on CH2 target, the cross section was
obtained from

I(θ, φ) ≡ dσ

dΩ
[
mb

sr
] = 1.862

N

LT ε Q[nC] ∆Ω[msr]

cos θt

t[mg/cm2]
(4.29)
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The live-time was obtained as explained in section 3.6.

LT = 1 − Dead-time =
Acquired events

Primary events
(4.30)

4.2.8 Extraction of unpolarized cross sections and analyzing
powers

The relation between spin-dependent cross section and the unpolarized cross section
is given by the first equation of 2.87. Using the identity of 2.92 and the incident
beam polarization in the incident helicity frame given by 2.57, one obtains

I(θ, φ) = I0

(

1 +
3pZ

2
Ay cosφ+

pZZ

4
(Axx −Azz) sin2 φ+

pZZ

4
Ayy(3 cos2 φ− 1)

)

.

(4.31)
Here, x, y and z are the labels of the axes in the helicity frame. Note that in

chapter 2 the helicity frame is labeled with s, n and l, respectively. To use this
equation, an integration over the azimuthal opening angle of BBS is necessary. The
opening angles and the result of the integration of the functions of φ over the opening
are tabulated in Tab. 4.6. As seen from the table, the term proportional to sin2 φ dφ
is negligible in comparison to the other terms. Thus,

I(θ) = I0(θ)

(

1 +
3pZ

2
Ay

1

∆φ

∑

ev.

cosφ+
pZZ

4
Ayy

1

∆φ

∑

ev.

(3 cos2 φ− 1)

)

. (4.32)

In this equation, I(θ) was measured for each beam polarization by BBS and pZ and
pZZ were measured by IBP, so we can calculate the observables of I0, Ay and Ayy.
There are two ways to extract the unknowns at each c.m. angle. First is to fit the
equation of 4.32 for every c.m. angle to the five data points (the five polarized cross
sections). The code MINUIT from the CERN library was used to minimize the χ2 of
the fit,

χ2 =
5

∑

i=1

(f(I0, Ay, Ayy) − Ii(θ))
2

σ2
i

, (4.33)

where the σi = δIi is the error of the measured cross section and the summation
is over the 5 spin-states of the beam. I0, Ay and Ayy are the parameters of the
function which were fitted by MINUIT to minimize the χ2.

The other way is an iterative method. In this method, in a first estimation of
the unknowns the small terms are ignored. In the second iteration, none of the
unknowns are ignored but the results of the first iteration are used. These iterations
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Table 4.6: The opening angles of BBS at different c.m. angles where the measurements

were performed. The integration over the azimuthal angle of the BBS opening must be

taken from π − ∆φ/2 to π + ∆φ/2. In this table, the integration has been replaced by a

summation over all events.

θlab θc.m. ∆θc.m. ∆φ/2 1
∆φ

∑

cosφ 1
∆φ

∑

sin2 φ 1
∆φ

∑

(3 cos2 φ− 1)

[deg] [deg] [deg] [deg]

4.8 169.9 7.7 ±15 −0.989 0.045 1.93

9.6 159.9 7.2 ±15 −0.989 0.045 1.93

14.4 150.1 7.2 ±10 −0.995 0.020 1.97

19.3 139.9 6.7 ±7.7 −0.997 0.012 1.98

24.1 129.3 6.3 ±9∗ −0.996 0.016 1.98

29.0 119.5 5.6 ±8∗ −0.997 0.013 1.98

33.9 109.4 5.4 ±7.1 −0.997 0.010 1.98

38.8 99.5 5.1 ± 6 −0.998 0.007 1.99

43.8 90.0 4.1 ±5.4 −0.999 0.005 1.99

*For these points, the diaphragm at the entrance of the BBS opening was
removed resulting in a bigger acceptance.

can be repeated as much as one likes, nevertheless after a few iterations the variables
reach their final values asymptotically and more iterations would not be necessary.
For example, the cross section of the off polarization state for which pZ ' pZZ ' 0
was a good estimation for the unpolarized cross section, Ioff = I0. Since the vector
and tensor polarizations were rather small in this spin state, the other iterations did
not change the first estimation that much. The vector- and tensor-analyzing powers
were calculated using the cross sections measured with vector- and tensor-polarized
beams. The following equations were used to calculate I0, Ay and Ayy. For the sake
of simplicity, the summation 1

∆φ

∑

has been omitted in the following equations.

I0 =
Ioff

1 + 3
2p

off
Z Ay cosφ+ 1

4p
off
ZZAyy(3 cos2 φ− 1)

, (4.34)

Ay =

(Iv− − Iv+)

(

pv+
Z − pv−

Z + 1
4(pv−

ZZp
v+
Z − pv+

ZZp
v−
Z )Ayy(3 cos2 φ− 1)

)

3
2(Iv−pv+

Z − Iv+pv−
Z )(pv−

Z − pv+
Z ) cosφ

− (pv−
ZZ − pv+

ZZ)Ayy(3 cos2 φ− 1)

6(pv−
Z − pv+

Z ) cosφ
,

(4.35)
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Ayy =

(It− − It+)

(

pt+
ZZ − pt−

ZZ + 3
2(pt+

ZZp
t−
Z − pt−

ZZp
t+
Z )Ay cosφ

)

1
4(It−pt+

ZZ − It+pt−
ZZ)(pt−

ZZ − pt+
ZZ)(3 cos2 φ− 1)

− 6(pt−
Z − pt+

Z )Ay cosφ

(pt−
ZZ − pt+

ZZ)(3 cos2 φ− 1)
.

(4.36)

Hereafter, the superscripts off, v+, v−, t+ and t− stand for the off, pure positive
vector, pure negative vector, pure positive tensor and pure negative tensor spin
states, respectively, of the polarized beam produced by POLIS. For instance, I t− is
the cross section for purely negative tensor-polarized deuteron beam. To calculate
the analyzing powers, the up-down measurements were used (I+ − I−) and not the
polarized-unpolarized cross sections (I±/I0). This is because the latter is much more
sensitive to errors than the former; see App. A.

4.2.9 Extraction of the polarization-transfer coefficient and
induced polarization

The relation between the polarization of the incident beam and the polarization of
the scattered beam in helicity frame is given by Eq. 2.87. Note that in chapter 2 the
helicity frame is labeled with s, n and l. In this chapter, in order to be consistent
with literature, the helicity frame is indicated by x, y and z, respectively. Since our
polarized deuteron beam has β = 0 then Eq. 2.57 and Eq. 2.50 result in pyz = pxz =
pz = 0. Also, the following integration over the azimuthal opening ∆φ,

∫ π+∆φ/2

π−∆φ/2
sinφdφ = 0,

∫ π+∆φ/2

π−∆φ/2
sinφ cosφdφ = 0,

result in the fact that pxy = px = 0. Therefore, the only non-zero component of the
polarization after the scattering is the normal component to the scattering plane:

py′

I

I0
= Py′ +

3

2
pZK

y′

y cosφ+
pZZ

4
(Ky′

xx−Ky′

zz) sin2 φ+
1

4
pZZK

y′

yy(3 cos2 φ−1) (4.37)

Note that the summation 1
∆φ

∑

event is dropped from the above equation for simplic-
ity. For the same azimuthal opening angle as in table 4.6, the third term in the right
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side of above equation related to the sin2 φ can be neglected. Having a deuteron

beam of five different polarizations, the three observables of Py′ , Ky′

y and Ky′

yy were
then determined.

To calculate the unknown observables of this equation, the polarization of the
scattered proton beam, py′ , ought to be measured. To measure py′ , the scattered pro-
tons impinged on the carbon analyzer. By measuring the asymmetry of p-C reaction
and knowing the analyzing power of the reaction from the calibration experiment,
the polarization of the ejectile protons of the H(~d, ~p)d reaction was obtained. The
asymmetry was obtained by left-right method. The polarization of the protons just
before the graphite analyzer is:

py′′ =
π

2Ac

YL − YR

YL + YR
,

YL =
L

L0
and YR =

R

R0
,

(4.38)

where L(R) is the number of scattered particles to the left(right). L0(R0) is the
number of scattered particles to the left(right) for an unpolarized proton beam.
L0 and R0 are used to determine the instrumental asymmetry. For the left-right
counting, only particles that scattered within 5◦ ≤ θc ≤ 20◦ were considered. Notice
that the obtained polarization from Eq. 4.38 is in the laboratory frame for which
the z′′-direction is along the proton beam before scattering from the graphite slab,
the y′′-direction is upward and the x′′-direction is so that the frame forms a right-
handed coordinate system. Therefore, this polarization must be transformed to the
outgoing helicity frame of H(~d, ~p)d reaction by

py′ =
py′′

cosφ
. (4.39)

Inserting Eq. 4.39 into Eq. 4.37 and ignoring the sin2 φ term, we get

py′′

I

I0
= cosφ

(

Py′ +
3

2
pZK

y′

y cosφ+
1

4
pZZK

y′

yy(3 cos2 φ− 1)

)

. (4.40)

Using MINUIT, one can fit a function similar to the right side of Eq. 4.40 to pi
y′′

Ii

I0
obtained for the five points of our initial beam polarizations, and minimize

χ2 =
5

∑

i=1

(f(Py′ ,Ky′

y ,K
y′

yy) − pi
y′′

Ii

I0
)2

σ2
i

, (4.41)

where σi is the measurement error of pi
y′′

Ii

I0
, discussed in the next subsection (Eq. 4.49),

and i denotes the five initial polarization states. From this fit, the three parameters

of the fitting function, Py′ , Ky′

y and Ky′

yy can be obtained.
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The iteration method was also used to extract the results, which were then
compared with the results obtained by fitting. The results of both methods were in
agreement within the uncertainties. In the iteration method, the first approximation
of the induced polarization was obtained from the off polarization Py′ = py′

Ioff

I0
. In

order to calculate the unknown variables from Eq. 4.40, the equation needs to be
rearranged.

Py′ =
py′′I

I0 cosφ
− 3

2
pZK

y′

y cosφ− 1

4
pZZK

y′

yy(3 cos2 φ− 1), (4.42)

Ky′

y =

pv+

y′′
Iv+−pv−

y′′
Iv−

I0
− 1

4(pv+
ZZ − pv−

ZZ)Ky′

yy(3 cos2 φ− 1) cosφ
3
2(pv+

Z − pv−
Z ) cos2 φ

, (4.43)

Ky′

yy =

pt+

y′′
It+−pt−

y′′
It−

I0
− 3

2(pt+
Z − pt−

Z )Ky′

y cos2 φ
1
4(pt+

ZZ − pt−
ZZ)(3 cos2 φ− 1) cosφ

. (4.44)

Note that using this method, the induced polarization can be obtained from all

5 initial spin-polarizations, whereas the Ky′

y and Ky′

yy should be extracted only from
vector and tensor polarizations, respectively. Remember that the superscript of “v”
denotes the vector polarizations and “t” denotes the tensor polarizations.

4.2.10 Statistical and systematic uncertainties

The statistical error of the polarized cross sections was calculated from Eq. 4.29
where only N , LT and ε are statistical. The live-time, LT , and the VDCs efficiency,
ε, are determined with very high statistical accuracy by using the scaler values,
and their error will be neglected. Error in the other quantities are considered as
systematic error and will be discussed separately. Therefore,

δI

I
=

1√
N
. (4.45)

The statistical uncertainties of I0, Ay and Ayy were calculated by differentiating
equations 4.34, 4.35, and 4.36:

δI0 = I0

√

√

√

√

δI2
off

I2
off

+
T1 + T2

(1 + 3
2p

off
Z Ay cosφ+ 1

4p
off
ZZAyy(3 cos2 φ− 1))2

, (4.46)

δAy =

√

T ′
1 + T ′

2 + T ′
3 + T ′

4
3
2 cosφ

, (4.47)

δAyy =

√

T ′′
1 + T ′′

2 + T ′′
3 + T ′′

4
1
4(3 cos2 φ− 1)

, (4.48)
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where

T1 =
9

4

(

(poff
Z δAy)2 + (δpoff

Z Ay)2
)

cos2 φ,

T2 =
1

16

(

(poff
ZZ δAyy)2 + (δpoff

ZZ Ayy)2
)

(3 cos2 φ− 1)2,

T ′
1 =

(

pv+
Z − pv−

Z +
1

4
(pv−

ZZp
v+
Z − pv+

ZZp
v−
Z )Ayy(3 cos2 φ− 1)

)2 (Iv−δIv+)2 + (Iv+δIv−)2

(Iv−pv+
Z − Iv+pv−

Z )4
,

T ′
2 =

(

(3 cos2 φ− 1)

4(pv−
Z − pv+

Z )

{

(Iv− − Iv+)
pv−

ZZp
v+
Z − pv+

ZZp
v−
Z

Iv−pv+
Z − Iv+pv−

Z

− pv−
ZZ + pv+

ZZ

}

δAyy

)2

,

T ′
3 =

{(Iv−δpv+
Z )2 + (Iv+δpv−

Z )2}(Iv− − Iv+)2

(Iv−pv+
Z − Iv+pv−

Z )4
,

T ′
4 =

{

(Iv−δpv+
ZZ)2 + (Iv+δpv−

ZZ)2
}( 1

4Ayy(3 cos2 φ− 1)

Iv−pv+
Z − Iv+pv−

Z

)2

,

T ′′
1 =

(

pt+
ZZ − pt−

ZZ +
3

2
(pt−

Z pt+
ZZ − pt+

Z pt−
ZZ)Ay cosφ

)2 (It−δIt+)2 + (It+δIt−)2

(It−pt+
ZZ − It+pt−

ZZ)4
,

T ′′
2 =

(

3 cosφ

2(pv−
ZZ − pv+

ZZ)

{

(It− − It+)
pt−

Z pt+
ZZ − pt+

Z pt−
ZZ

It−pt+
ZZ − It+pt−

ZZ

− pt−
Z + pt+

Z

}

δAy

)2

,

T ′′
3 =

{(It−δpt+
ZZ)2 + (It+δpt−

ZZ)2}(It− − It+)2

(It−pt+
ZZ − It+pt−

ZZ)4
,

T ′′
4 =

{

(It−δpt+
Z )2 + (It+δpt−

Z )2
}( 3

2Ay cosφ

It−pt+
ZZ − It+pt−

ZZ

)2

.

Also, the statistical uncertainties for Py′ , Ky′

y and Ky′

yy can be calculated by differ-
entiating equations 4.42, 4.43, and 4.44. If

X ≡ py′′I

I0

then

δX2 =

(

δpy′′I

I0

)2

+

(

py′′δI

I0

)2

+

(

δI0py′′I

I2
0

)2

, (4.49)

where py′′ = As

Ac
and δpy′′ = δAs

Ac
. Therefore,

δPy′ =

√

(

δX

cosφ

)2

+R1 +R2, (4.50)
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Table 4.7: The values of the systematic errors and the affected observables.

affected observables

Source dσ
dΩ Ay Ayy Py′ Ky′

y Ky′

yy

Target thickness 1% – – – – –

Opening 1% – – – – –

Total charge < 3% < 1% < 1% < 1% < 1% < 1%

(Polarization)sys. – ' 2% ' 2% ' 2% ' 2% ' 2%

δKy′

y =

√

(δXv+)2 + (δXv−)2 +R′
1 +R′

2
3
2(pv+

Z − pv−
Z ) cos2 φ

, (4.51)

δKy′

yy =

√

(δXt+)2 + (δXt−)2 +R′′
1 +R′′

2
1
4(pt+

ZZ − pt−
ZZ)(3 cos2 φ− 1) cosφ

. (4.52)

where

R1 =
9

4

(

(pZδK
y′

y )2 + (δpZK
y′

y )2
)

cos2 φ,

R2 =
1

16

(

(pZZδK
y′

yy)2 + (δpZZK
y′

yy)2
)

(3 cos2 φ− 1)2,

R′
1 =

1

16

([

(δpv+
ZZ)2 + (δpv−

ZZ)2
]

Ky′2
yy + (pv+

ZZ − pv−
ZZ)2(δKy′

yy)2
)

(3 cos2 φ− 1)2 cos2 φ,

R′
2 =

(

3

2
Ky′

y cos2 φ

)2[

(δpv+
Z )2 + (δpv−

Z )2
]

,

R′′
1 =

9

4

([

(δpv+
Z )2 + (δpv−

Z )2
]

Ky′2
y + (pv+

Z − pv−
Z )2(δKy′

y )2
)

cos4 φ,

R′′
2 =

(

1

4
Ky′

yy(3 cos2 φ− 1) cosφ

)2[

(δpv+
ZZ)2 + (δpv−

ZZ)2
]

.

The errors of the polarizations as given in Sec. 4.1.2 were propagated using the
above equations. The errors of the other variables are considered as systematic
errors. The error of target thickness, as discussed in Sec. 3.7, is about 1%. The
error of the total collected charge in Faraday-cup is at most 3% for cross sections.
This value is obtained in earlier experiments at KVI. The error of the calculation
of the BBS opening is due to beam ray-tracing and the error of the VDCs which is
about 1%. The values of systematic errors from different sources and the affected
observables are summarized in Tab. 4.7. Note that Eqs. 4.35 and 4.36 show that the
choice of angular opening, detector efficiency and target thickness are canceled out
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in the analyzing powers, so they do not contribute in the systematic errors. This
is also true for induced polarization and polarization-transfer coefficients obtained
from Eqs. 4.42–4.44.




