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Abstract

The differential cross section and spin observables of the H(cf, v)3He
reaction can be accurately calculated starting from modern NN po-
tentials and three nucleon forces (3NF) and using electromagnetic
current operators containing in addition to the single nucleon contri-
bution also meson exchange currents (MEC’s). This opens the pos-
sibility to investigate the 3NF and MEC’s effects in the polarization
observables of the dp-capture process. In this experiment we measure
the analyzing powers A, Ay, at Eq=45 MeV and E;=29 MeV at the
extreme forward and backward angles where they are sensitive to the
3NF and MEC’s effects. The experimental results are compared to the
theoretical calculations done in the framework of Faddeev approach
using the modern Argonne V18 NN potential with the Urbana IX
3N force. The two-body contributions in the electromagnetic current
operator are included in form of explicit MEC’s or using the Siegert
theorem. This comparison provides additional test and information
about the correctness of the 3N-system description in the framework
of existing few-body theory and present nuclear dynamics.
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1 Introduction

In the course of the last years new nucleon-nucleon (NN) potentials became
available that describe the NN data base below the pion threshold very well.
These are the Argonne V18(AV18) [1], Nijm I and Nijm II [2] and CD-
Bonn [3] potentials. The binding energies of light nuclei (up to mass num-
ber A=8) calculated with these NN potentials are underestimated. Three
nucleon forces (3NF) in addition to pairwise interactions are required to
account for the missing binding energy [7] [6]. There are also other discrep-
ancies between the 3N continuum experimental data and the theoretical
predictions based on pure NN forces, that can be cured by adding 3NF.
One example is the behavior of the elastic pd-scattering differential cross
section. At the minimum of its angular distribution a systematic devia-
tion of the calculations, based on the NN force only, from the experimental
data has been reported by Koike and Ishikawa [5]. They have found that
this discrepancy is observed systematically in the proton energy range from
18 MeV to 135 MeV and increases with the proton energy. That can not
be explained by the incorrect treatment of Coulomb interaction only. The
angular distribution of the elastic Nd-scattering cross section at higher en-
ergies has been recently investigated by Witala et al. [4] using the above
mentioned modern NN potentials and Tucson-Melbourne 3NF adjusted to
reproduce the 3H binding energy. A large part of the discrepancy in the
cross section minimum at higher energies (E, j,5 >65 MeV) can be re-
moved by including in the 3N Hamiltonian the 3NF term Vj; in addition
to pairwise interactions v;;:

~

2
H = ZQ;TL+Z’Uij+ZV%jk (1)

) 1<j 1<j<k

Thus, 3NF effects in few-nucleon systems are of great interest and the 3N
system is the simplest one that allows us to study these effects.

The Faddeev methods [9] give a very powerful computational tool to solve
the Schrodinger equation for the 3N system interacting with NN potential
only. The 3NF term can also be added to the Faddeev equations. Thus
the wave functions for the bound and continuum states in the Jp—capture
process, which are important to derive the differential cross section, are
exactly calculated by solving corresponding Faddeev equations [10]. That
gives a possibility to estimate the contribution of the 3NF effects in the
cross section and related polarization observables such as analyzing pow-
ers.

The electroweak current operator is also important for the calculation of
the cross section of the H(J: 7)3He reaction. It can be presented as a sum of
a single-nucleon part and many-nucleon (two-, three- etc.) ones as shown in
the equation (2) [9]. The leading one body part is responsible for the pho-
ton interaction with a single nucleon. The many-body currents, called also
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meson exchange currents (MEC’s), are due to the meson exchange mecha-
nism of the NN interaction: two nucleons exchange mesons to which the
photon can couple. It leads to the two-body contribution in the nuclear
current operator. The photon can also couple to the correlated mesons
what corresponds to the three-body currents, but the present calculations
are restricted to the one- and two-body currents only.

i@ = Y@+ Y 2@+ Y i@+ 2)
i i<j i<j<k

The MEC contribution in the nuclear current operator allows us to inves-
tigate the effects of MEC’s in the cross section and other spin observables.
Thus, the Jp—capture process opens a possibility to study MEC’s and 3NF
effects in the 3N system in the same experiment. Deuteron energies of
29 MeV and 45 MeV were chosen because A, for both of them was not
yet measured and A, at E;=29 MeV was measured for 6,=90° only. In
addition, Ay, at the medium angles in the case of F4=45 MeV is about
3 times less than A, at E4q=29 MeV what makes it more sensitive to the
properties of the dynamical input of calculations. It is interesting to com-
pare the ability of the theoretical calculations to describe the experimental
data in these two cases.
The main aim of this experiment is to extend the precise measurements
of the analyzing power A, at E;=45 MeV to the extreme forward and
backward angles and to measure Ay, at E;=29 MeV as well as A, at
both deuteron energies at various angles. The experimental data should be
compared with the recent theoretical calculations done by the group of J.
Golak, K. Kamada, H. Witala, W. Glockle et al. [10]. These calculations
were done in the framework of Faddeev approach with the Argonne V18
potential and three-nucleon interaction in form of the Urbana IX 3NF. The
two-body contributions in the nuclear current operator were included in
form of explicit MEC’s or using the Siegert theorem. The analyzing powers
Ay, Ayy were measured in the large region of angles with the accuracy that
is enough to distinguish between different types of calculations ( done using
explicit MEC’s or the Siegert theorem) and to be sensitive to the 3NF ef-
fects in the cases when they are present. That provides additional test of
the correctness of the 3N-system description in the framework of existing
few-body theory and present nuclear dynamics.
In the Chapter 2 the relation of the analyzing powers to the differential
cross section is described and the reasons to study these polarization ob-
servables instead of the cross section itself are discussed. The experimental
procedure and the details of the experimental setup such as gamma and re-
coil detectors, target, polarimeter and data taking system are described in
the Chapter 3. The offline analysis of the experimental data is discussed in
the Chapter 4 together with an additional background analysis procedure.



Some information about the AV18 NN potential, Urbana IX three nucleon
force, the explicit MEC’s and the Siegert approaches to treat the nuclear
current operator is given in the Chapter 5. The experimental results are
presented in the Chapter 6 in comparison with the theoretical calculations.
The conclusions are discussed in the Chapter 7.
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2 Vector and tensor analyzing powers A4,, A4,,

The vector analyzing power A, and the tensor analyzing power Ay, have

been chosen to be measured in the present d_})-capture experiment. To
describe these polarization observables and their relation to the differential
cross section one should define the coordinate frame.

The reaction coordinate frame used to describe the analyzing powers in
the reactions which produce two particles in the final state is defined by
the Madison Convention ( [16]) and shown in Figure 1. Here axis Z is

Y ]

X

S I 4 / detector

- N
kin SJ. kOU

target Z

Figure 1: The coordinate frame in which the polarization state of the in-
coming beam is described. Here ki, koyr are the momenta of the incoming
and outgoing particles respectively, S defines the spin state of the incoming
beam and Z 1is its quantization azis.

taken along the momentum of the incoming beam k;,, axis Y is taken
along k;, % ky,; where k,,; is the momentum of the outgoing particles
and axis X is taken to form a right-handed coordinate system. The beam
polarization axis Z is defined in this coordinate system by two angles: by
the angle 8 which Z makes with the axis Z and by the angle ® between
axis Y and projection of the vector S on the plain (XY), where S is the
deuteron spin operator. In this Jp—capture experiment the polarization axis
of the deuteron beam was chosen to be parallel to the axis Y, so § = 90°
and ® = 0°. The advantages of this choice are discussed below.

Since the deuteron beam is symmetric about the spin quantization axis
Z, a polarization state in the beam coordinate frame is described by the
following vector and tensor polarization numbers:

P;=N,-N_, Py =0, Py =0,
1
Pzz =1— 3Ny, Pyx = Pyy = —5(1 - 3No),



P,'\(y =Pyz=PXZ:O. (3)

Here N, N_, Ny are the fractional populations of deuterons with the spin
Z-projections my= +1, —1, 0; Ny + N_+ Ny =1. In the above men-
tioned reaction coordinate frame the beam polarization components are

defined [17] as :

P, = —sin(pB)sin(®) Pz,
Py = sin(B)cos(®)Pz,
P, = cos(B) Pz (4)

and
P,y — —gsinQ(ﬁ)cos(cp)sz‘n(é)Pzz,
Py = 3sin(B)cos(8)cos(®) Pz,
P, — —%sin(ﬁ)cos(ﬂ)sz’n(@)PZZ,
Py, = %(3sin2(ﬂ)sin2(®) —1)Pzz,
Pyy = 3 (sin® (B)cos™(®) — 1)Pzz,

P, = %(30032(@ —1)Pzz. (5)

The differential cross section of the cfp—capture process for a polarized
deuteron (deuteron which has a specific magnetic quantum number) is de-
fined as [10]

do
o~ 2 > Mg, (0.9), (6)
Mp,M3 g, A==%1

where

Doy, (0,@) = (Bage(®)ei(@ - S'@2 @), ()

Here q is the photon momentum, €,(q) (A = £1) is the spherical compo-
nent of the photon polarization vector, p and p’ are the momenta before
and after photon emission, M; (i=d, p, *He) are the magnetic quantum
numbers of deuteron, proton and 3He. The differential cross section given
in expression (6) can be expanded in terms of spherical tensors:

Cen o S (1) ray A Oem) ®
kq
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Here k and ¢ vary from 0 to 2, 73, is related to the polarization density
matrix elements and Agq(0cr,) is related to the transition matrix elements,
0., describes the angle between incoming deuterons and outgoing photons
in the center of mass system. The unpolarized cross section can be defined
as

dO’() 1
d—Q - §A00 (acm)a

other terms can be presented as

qu(ecm) = Akq(ecm)/AOO(ecm)'

The differential cross section can then be written as

do do
0 = aqllt 2o (D TkeTkg(Bem), (9)
kq,k>0

where T}q(0.m) are the spherical analyzing power tensor components. Thus,
an analyzing power tensor component defines quantitatively the contribu-
tion of the corresponding deuteron polarization component in the total
differential cross section. The expression for the differential cross section,
given in the center of mass frame by equation (9), can be written in the
reaction coordinate frame using the relationships between spherical and
Cartesian analyzing power tensor components as [17], [18]:

@90 _ O 1 3 b, a,00) + P4, 0) + P.ALO)
b (Pay ey (6) + PruAy(6) + PruAs(0)
+ %(PmmAzz(g) + PyyAyy (0) + PZZAZZ(O))]’ (10)

where %@ is the unpolarized cross section, 6 is the angle between in-
coming deuterons and outgoing photons, P;, FP;; are the Cartesian compo-
nents of the beam vector and tensor polarization (see equations (4) and
(5)), A; and A;; are the analyzing power functions. Taking into account
the fact that in this experiment 8 = 90° and ® = 0° one can express the
differential cross section from the equation (10) in terms of Pz and Pzz
as:
do(0)  dog(0) 3 1

70 = 49 [1 + EPZAy(g) + EPZZAyy(e)] (11)

The choice 8 = 90° and ® = 0° allows us to expose A, Ay, in the simplest
possible way what gives a possibility to measure both of them in the same
experiment.

The analyzing powers Ay, Ay, were chosen to be measured because they



are sensitive to the S — D transition amplitudes which are related to the
non-nucleonic degrees of freedom, whereas the dominated contribution in
the unpolarized cross section is done by the S — S transitions. The MEC’s
effects are especially large at the extreme forward and backward angles as
shown in Figures 2 and 3. In these Figures Ay, Ay, as functions of the
scattering angle 6., at F; =29 MeV and E; =45 MeV calculated using
explicit MEC’s or the Siegert theorem are presented. One can also com-
pare the calculations done including and excluding 3NF. The differential
cross section as a function of the scattering angle 0., at F; =29 MeV and
FE4 =45 MeV calculated using explicit MEC’s or the Siegert theorem in-
cluding and excluding 3NF is presented in Figure 4. Whereas the behavior
of the analyzing powers is highly dependent on the MEC’s effects, the cross
section is not sensitive to the type of calculations. The 3NF effects are
much less distinct, for A, and do/dQ) at E4=45 MeV they are negligible.
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Figure 2: Ay, Ay, at Eq=29 MeV as functions of the c.m. scattering
angle calculated using explicit MEC’s and the Siegert theorem including
and excluding Urbana IX SNF (see section 5).
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angle calculated using explicit MEC’s and the Siegert theorem including
and excluding Urbana IX 8NF(see section 5).
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Figure 4: dog/dQY at Eq=29 MeV (upper plot) and Ez=45 MeV (lower
plot) as a function of the c.m. scattering angle O.p, calculated using ex-
plicit MEC’s including and excluding Urbana IX SNF and using the Siegert
theorem also including and excluding Urbana IX 3NF.
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3 Experiment

The (f})—capture experiment took place in August and October 2000 at the
Paul Scherrer Institute (PSI) in Villigen. A polarized deuteron beam at
deuteron energies of 45 MeV and 29 MeV was provided by the Philips cy-
clotron and its polarized ion source [21]. The task of the experiment was to
detect gammas produced in the reaction d+H - v + 3He in coincidence
with the recoil particles 3He. It allowed us to identify the capture-events
despite the low cross section ( 0.1 + 1 ub ) of this process at energies of se-
veral tens of MeV and then to extract A,, Ay, from the difference between
~y-counts obtained for different deuteron polarizations.

The schematic view of the experimental setup is shown in Figure 5. The

O\
W
C—pol D

>
=

o

(| I i o
[ ] | N -

N
v A —
He-pol Q | TC e

..............................

O

QO

X

i

|
<@—>
‘ YN

D,
|

FC

Figure 5: Schematic overview of the beam line in the experimental hall NE-
C at PSI and of the experimental setup. Here C-pol - carbon polarimeter, Q)
- quadrupole doublet, He-pol - * He-polarimeter, TC - target chamber, LH-T
- liquid hydrogen target, D - dipole magnet to separate 3 He and unscattered
deuterons, R - recoil-detectors, FC - Faraday cup.

polarized deuteron beam from the accelerator passed first through the car-
bon polarimeter chamber, where a Csl scintillation detector was placed at
30° below the beam axis to control the beam time structure. Deuterons
were scattered from a thin carbon foil and the distribution of their time
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of flight relative to the radio-frequency (RF) signal from the cyclotron was
measured. Then the beam went through the ”Basler Chamber” where the
4He-polarimeter for the absolute polarization measurements was installed.
Then the beam passed the scattering chamber where deuterons interacted
with the liquid hydrogen target. The target chamber was directly connected
with the transport vacuum chamber, developed and built especially for this
experiment to transport the recoil particles and unscattered deuterons. In
order to separate them from each other a dipole magnet downstream to the
target chamber was installed. To detect the deflected recoil particles with
energies of 17 + 21 MeV for E; =29 MeV and 26 +31 for F; =45 MeV,
the detectors on the base of the plastic scintillator Pilot U were used. The
inorganic scintillator BaFs was chosen to detect gammas with energies of 13
+ 16 MeV for F; =29 MeV and 17 + 24 MeV for E; =45 MeV. There were
four detector boxes which were installed at the chosen laboratory y-angles
from 27° to 169°. The unscattered deflected deuteron beam was stopped
in the Faraday cup. The details of some experimental devices are given
below.

3.1 Polarized deuteron beam

As it was mentioned in section 2, the incoming deuteron beam is charac-
terized by the vector polarization Pz and the tensor polarization Pzz. To
have Pz, Pzz # 0 ( see equations (3) ) one should obtain different popu-
lations of my= +1, —1, 0 states, what is possible by using the Zeeman
effect of the D-atom hyperfine structure in an external magnetic field. The
schematic energy level diagram of the D-atom in an external magnetic field
is shown in Figure 6. At zero external magnetic field six possible energy
levels are degenerate; when the external field is on, they become resolved.
Energy in this diagram is measured in zero-field splitting units, the strength
of the external magnetic field is measured in critical-field units, the exter-
nal field B is "strong” when B/B. > 1 and "weak” when B/B, < 1. The
D-atoms with m;= +1/2 (—1/2) can be easily separated from each other
by focusing ( defocusing ) in the inhomogeneous magnetic field, but this
produces an atomic polarization only and the populations of the states with
different m are still equal. To obtain nuclear polarization the adiabatic
passage method is used [19]. The adiabatic passage method can be applied
to the weak field (WF) region where F is still a good quantum number
and to the strong field (SF) region where it is not true any more. The
WF RF-transitions cause the interchange of the populations of states mp
and —mp. In terms of the energy level diagram it causes the transitions
14,2 3,5 <> 6. The SF RF-transition causes the interchange of two
chosen level populations only. In our case two different strong field transi-
tions were involved to interchange the populations of the states 3 <» 5 (SF1)
and 2 <> 3 (SF2). Thus, the values of the vector and tensor polarization
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were varied by combining WF, SF1 and SF2 transitions and by focusing
only the m;j=+1/2 part of the D-atom beam.
The atoms were then ionized maintaining the nuclear polarization. Po-

0 1 2 3

4
X =B /B,

Figure 6: Energy level diagram of the D-atom in an external magnetic field.
AE is the zero field energy level splitting, B. = (91 — gj)uB/AE.

larization modes used in this experiment are given in Table 1 together
with corresponding nominal polarization values. The polarization state
was changed every 3 seconds in the following way: a - d - b - e — c.

| Pol. state | SF2 | SF1 | WF | P, | P, |
a off | off | off 0 0
on | off | off | +1/3 | +1
off | on | off | +1/3 | —1
on | off | on | -1/3| —1
off | on | on | -1/3| +1

oo |l

Table 1: Polarized beam source modes and nominal polarization values.
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3.2 Polarimetry

To measure the absolute deuteron beam polarization values, the reaction
of the elastic d 4He-scattering was used. Deuterons were elastically scat-
tered from *He in the target cell (containing helium at a pressure of 0.5
bar) installed in the "Basler Chamber”. The recoil “He were detected at
Oigre 1ap = £15° using two 700 pm thick (500 pm for E4 = 29 MeV) pas-
sivated implanted planar silicon detectors (PIPS) chosen due to their very
good energy resolution crucial for these measurements. Before entering the
PIPS detectors, the recoil “He passed a collimator system consisting of one
Ta-collimator at a distance of 12 cm from the center of the cell and one
Ta-collimator directly in front of the detector at a distance of 45 cm from
the center of the cell. This limited the horizontal acceptance of the detec-
tors to ~ 1° and shielded them from the particles scattered from the cell
window. Elastically scattered deuterons were discriminated due to the low
deposited energy.
The energy spectra of scattered “*He at 0ap, ,p = 15° for E; = 29 MeV
and E; = 45 MeV are shown in Figure 7. The area between two vertical
lines was used for the analysis.

The laboratory scattering angles £15° were chosen because they corre-

1010 O e I A B R I 12

C C

r 1 3 3

[ [

2500 —+H© 3000+ J0
2000 B

I 2000 [ b
1500 B
1000 B

1000 - b
500 B

PSTRSTETN SR

AR i ™ I WD i e
800 225 250 275 300 325 350 %OO 525 550 575 600 625 650
Energy (channels) Energy (channels)

Figure 7: *He-energy spectra at Oig, 1o = 15°, Eq =29 MeV (left) and
E; =45 MeV (right). The integration limits are shown as vertical lines.

spond to the center of mass scattering angle of 150°, where A, A,y of this
reaction are maximal [23], [24]:

Ayy =0.921 £0.013, Ay = 0.497 £ 0.011 at E4=45 MeV,

Ayy = 0.910 £ 0.016, Ay = 0.846 + 0.02 at E4=29 MeV.

The polarization of the deuteron beam was extracted using equation (11)
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and the fact that the differential cross section is proportional to the number
of events counted by the detector. The following equations can be written
for each polarization state i:

oo 3 . 1.
KiN, = Nj)_(l + §P%Ay + §P%2Ay),
o 3 . 1.
K'N' =N°(1 - 5 P24y + 5Pzz4y). (12)
Here N% (NY) are the number of events detected by the left (right) de-
tector, K% (K") is the dead time (DT) and Faraday cup (FC) correction
coeflicient:

0
1- D19 )

o _
1—-DT"

K oy :
(- 1 =DPTi)

O T Rt

From the equations (12) one determines the expressions for P, P :

: KiN: —N° KiNt —NO 1
Pip=(——— ) 5
N-(l)— NE Ayy

. KiNi — N KiN:—-NO° 1

The expressions for errors were derived from the equations (13) using

| Polarization | E;=45 MeV | FE;=29 MeV |
P5 AP 0.2447 0.0084 | 0.2482 0.0085
Pg APS 0.2167 0.0072 | 0.2277 0.0077
PL APZ | —0.2545 0.0083 | —0.2583 0.0087
PS¢ APg | —0.2808 0.0094 | —0.2720 0.0092
Py, APS, | 06569 0.0141 [ 0.6725 0.0173
PS, APS, | —0.6017 0.0124 | —0.6582 0.0166
P AP, | —0.6076 0.0125 | —0.6435 0.0163
PS, APZ, | 05608 0.0123 | 0.6700 0.0172

Table 2: Mean polarization values for the first part of the experiment
(Eq=45 MeV) and for the second part of the experiment (E4=29 MeV).

[22]. It should be pointed out that not only the statistical errors due to
ANi(_) but also the systematical ones due to the uncertainties in A, ,Ay,
coming into the expressions (13) were included in the polarization errors.
The polarization of the deuteron beam was measured every 8 hours. In
Figures 8 and 9 examples of the behavior of the deuteron-beam polarization
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during the first (E4 =45 MeV) and the second (E4; =29 MeV) part of the
experiment are shown. The mean polarization values calculated with all
polarization runs and used in the data analysis together with their errors
are given in Table 2.

3.3 ~v-detectors

As it was mentioned above, the y-detectors for this experiment were built
on the base of the inorganic scintillator BaF5. The light pulse of this scin-
tillator has a short and a long component. They are characterized by a
decay time of 0.7 ns and 620 ns and a light emission spectrum maximum
at 220 nm and 310 nm respectively [26]. The BaF9 fast component with
its excellent time characteristics allows us to resolve gammas and neutrons
and to reject the background more effectively than with any other scintil-
lator. In addition, BaFs has a very good efficiency for y-ray detection due
to a high density of 4.89 g/cm? and a good energy resolution of about 16%
(short component) at E,~ 20 MeV for big 8x8x25 cm? crystals. The pro-
duction of BaF, crystals of this size is very difficult, but this problem was
succcessfully solved by the State Optical Institute in St-Petersburg (Rus-
sia).

Four aluminium detector boxes with a wall-thickness of 5 mm were used,
each of them contained four crystals. These were connected using the spe-
cial optical gel transparent for the UV radiation (Baysilone Ol M 600000
by GE Bayer Silicons GmbH) with the fast photomultiplier tubes Philips
XP4318B. The schematic view of the detector box is presented in Figure 10.
The light emission diode (LED) was mounted into the back side of each de-
tector box. It was operated with the special LED-Pulser with a frequency
of ~ 10 Hz. The LED response signal of each crystal was used for the elec-
tronics tuning. In the offline-analysis the LED signals were used to adjust
the main signal amplitude due to HV-drift or other significant fluctuations.
The detector boxes were installed at a distance of ~ 80 cm from the center
of the target. They were quite close to the magnet, especially at the for-
ward angles (see Figure 5). In order to protect the photomultiplier tubes
from a magnetic field of about 50 G, a cilindrical y-metal shielding with a
wall-thickness of 1 mm around each tube was used as shown in Figure 10.
For better protection of two detectors at the very forward angles two closed
p-metal boxes for the whole detector with a wall-thickness of 1.5 mm were
used. The lead shielding with a thickness of 5 cm on the sides and the top
and 2.5 cm on the bottom of the detector boxes protected the detectors
from the undesirable radiation.
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| 7 LED

S Cr PMT

Figure 10: Schematic view of the y-detector. Symbols denote: B - detector
box, Cr - BaFs crystals, PMT - photomutiplier tubes, S - u-metal shielding
around each photomultiplier tube, LS - lead shielding around the detector
box, LED - light emission diode.

3.4 Recoil-detectors

The recoil-detectors were built on the base of the organic scintillator Pilot
U with a thickness of 1.2 mm. They detected deflected in a magnetic field
3He nuclei, recoiling in a cone between 0.4° and 2.6° for both deuteron
energies. The strength of the magnetic field (0.640 T for E; =45 MeV and
0.430 T for E; =29 MeV at the center of the dipole) was chosen to deflect
the initial deuteron beam by ~ 8° what allowed us to separate *He and
deuterons by more than 10°.

The position and size of the recoil detector as well as the construction
parametes of the specially built transport chamber (see Figure 11) were
defined by simulations of deuteron and >He trajectories in a magnetic field.
These simulations were done using the Fortran-code raytrace” [25] and
the real magnetic field map measured at PSI. The angular and spacial
deviations of particles, leaving the target, from their scattering direction
were determined by the beam divergence and size in front of the target
(less than 6 mr and 0.5 cm) and the multiple scattering in the target. They
were randomized using two gaussian distributions with given ¢’s. The full
acceptance of the recoil detectors was chosen to capture 99% of the incoming
particles. The size of Pilot U-pieces was chosen to have nearly equal 3He
fluxes in all detectors to protect the electronics from the over-load.

The photomultipliers were mounted outside of the transport chamber at a
distance of about 50 cm to protect them from the magnetic field. They were
connected with the detectors using the light guides within the aluminium
tubes as it is shown in Figure 11.
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PMT

TCh

Z

Figure 11: Schematic view of the recoil detectors. Symbols denote: TCh -
transport chamber, PMT - photomutiplier tubes, LG - light guides, VT -
vacuum tight connections. The position and size of the Pilot U-pieces
are shown with the black lines for Eq=45 MeV and with the red lines for
E;=29 MeV.
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3.5 Target

The liquid hydrogen target was installed in the aluminium target cham-
ber. It had a diameter of 36 cm and a wall-thickness of 3 mm. The target
chamber was designed to correspond to the experimental conditions: the
standard backward flange was replaced by a special telescopic one (see Fi-
gure 5) what made possible measurements at the very backward angle. The
target had a thickness of 14 mg/cm? and was operated at a temperature
of <16 K and a pressure of ~0.28 Bar. The target was chosen to be as
thin as possible to reduce the *He energy losses and multiple scattering.
The pressure was chosen to be low enough to use the havar target windows
with a thickness of 2.5 ym only. It reduced the multiple scattering of 3He.
The target was cooled by a reservoir of liquid hydrogen at a temperature
of 10 K mounted on the top of it. The liquid hydrogen was cooled down
with a closed-cycle helium refrigerator (more details are given in [20]).

3.6 Electronics and Data taking

The schematic setup of the electronics is shown in Figure 12. The main
features of the electronics are:

e The signals from the recoil detectors and all crystals of each BaFs-
detector passed the 50 Hz filter.

e The signals from the BaFs-detectors were multiplexed. One part
provided the information about the amplitude of the long component
signal (ADC L), another one was clipped and used for timing. It also
gave the information about the amplitude of the short component
signal (ADC S).

e Constant Fraction Discriminator was used for the amplitude-indepen-
dent timing.

e The signals fed into the Analog Digital Converter (ADC) and Time
Digital converter (TDC) were delayed to synchronize them with the
gates or start signals.

e The ADC L, ADC S and ADC Recoil (ADC R) integrated the signals
over the following gate-widths:

ADC L - 700 ns,
ADC S — 25 ns,
ADC R - 40 ns.

e TDC C’s recorded the information about coincidences between given
recoil and given BaFs-detector. They started with a signal from any
BaFs-detector, it has a width of 25 ns. The use of the coincidence-
technique allowed us to reduce the number of counted background
events, what led to the decrease of the electronics dead time.
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The RF-signal from the cyclotron was used to reduce the number of
accidental coincidences which were not correlated with the coming
beam bunch.

A signal from the Faraday cup, a real-time clock and pulser signals
as well as the current polarization state signal were fed into scalers.

The pulser signal passed the polarimeter electronic tract parallel to
the real signals from the solid state detectors and was fed into both
(left and right) polarization spectra.

The dead time of the data acquisition system was determined by the
ratio of the number of ”pretrigger” events (the total number of coinci-
dences between BaF5 and recoil detectors) to the number of ”trigger”
events (the number of unvetoed coincidences) in the scalers. The dead
time of the polarimeter was defined for left and right detector sepa-
rately by the ratio of the number of pulser events counted in left and
right polarization spectrum respectively to the total number of pulser
events read from the scaler.

As long as the signal "run started” was set, the ADC and TDC mod-
ules and scalers were read from the front-end computer.
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Figure 12: Schematic view of the electronics setup
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4 Analysis and background subtraction

Due to the fact that the deuteron spin in this experiment was perpendicu-
lar to the scattering plane, the differential cross section of the Jp—capture
process can be expressed in terms of analyzing powers Ay, Ay, only (see
section 2, (11)):

do(0) = doo(O)L+ 3Pz Ay(6) + 5 Paz Ay (0)

The cross section for every given polarization state with the polarizations
P%, P% - (i=a, b, c, d, e) is proportional to the number of capture gammas
detected for this polarization state such as

o ) 1 .
N'K'= N1+ gpgAy + 5P;ZAyy], (14)

where K' is the dead time and Faraday cup normalization coefficient to
even out the current and dead time difference between different polarization
states,

FC® 1-DT°

K' = . . 1
FCi 1— DT (15)

Using the information from Table 1 and the equation (14) the following
expressions for Ay, Ay, were derived:

NiKi{_NO° J NIKIi—NO° i
NEN- . pl - MK . P

AZy = 2 N - NG
Py, Py —P%z'P%
7 Ay, + 5 A2
(AAl V2 (AAZ )2y
Ay = 1 (16)

(AA;y)Z T Az,

where k=1,1=4d, j =cand k=2,1 =0, j = ¢;

NiK'—NO° NIKI—NO ]
Ak — 2 NO P%z _NO Pz
Y 3 P%Z'PJ_P%Z'P%
A1 A2
AAl AA2
4, = B4 + @y (17)

(AA}/)? + (AA;)Z

where k=1, 1 = d, j = e and k=2, 1 = b, j = ¢. The statistical errors
AA’;, AA’?jy are given by expressions (23) and (24) in section 4.5, N* is the
integral of the experimental y-spectrum for the polarization state 1.

The gamma spectra were derived from the BaF, short component by ap-
plying the software cuts defined using the time-of-flight and energy infor-
mation from the recoil- and y-detectors.

For every BaF,-crystal in a given y-detector box this information is repre-
sented by the following data:
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1. time-of-flight spectrum of particles coming to the BaFs-detector —
the distribution of the time difference between ”start” RF-signal and
”stop” signal of the detector;

2. BaF3 energy spectrum — the distribution of energy deposited in the
BaF,-detector;

3. time-of-flight spectra of particles coming to the recoil-detectors —
the distribution of the time difference between ”start” RF-signal and
”stop” signals of the detectors;

4. recoil energy spectra — the distribution of energy deposited in the
recoil detectors;

5. BaF,-recoil coincidence time spectra (the coincidences between given
~v-detector and given recoil-detector for the online analysis and more
detailed information such as the coincidences between given BaF,-
crystal and given recoil-detector for the offline analysis) — the distri-
bution of the time difference between ”start” signal from the BaF,-
detector and ”stop” signal from the recoil detector.

All these data contain not only the real capture events but also the back-
ground events. There are two main sources of background:

e the reaction of deuteron breakup A(J', pn)A, that gives the coinci-
dences between neutrons and protons as well as the accidental coin-
cidences of gammas and protons and neutrons and 3He;

e eclastic scattering of deuterons from the havar-windows of the target
cell, that produces the accidental coincidences between deuterons and
gammas.

The number of the background events is very significant due to the fact
that the cross section of the ci})-capture process is of the order of ub/sr
(see Figure 4) and the cross sections of the background reactions are of the
order of mb/sr. The software cuts should maximally reject the number of
the accidental coincidences between gammas and particles originating from
the background reactions. The procedure of applying cuts is described in
details in the next subsection using the data at £y =29 MeV, 0, 1a6=130° as
an example. The data for other angles and energy were analyzed using the
same method. Cuts were defined and applied independent of the deuteron
polarization state.

4.1 Main cuts

The data for all gamma scattering angles were divided into the sets of 20-50
runs. The data within one set were summed up to reduce the statistical
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uncertainties of the analysis due to the low capture event rate. To do
this summing correctly, BaFs TDC spectra were adjusted to the chosen
reference ones using the gamma-peak channel number as it is shown in
expression (18):

i,corT _ ' f '
TDCZBZOFZ - TDCZBan + N;ipeak - ';fpeak’ (18)
where N;’fpeak, N;fj;eak are the gamma-peak channel numbers of a given

and reference spectrum. BaF, ADC spectra (only short components ) were
corrected using the LED-signals such as

ADc’i,COTT _ ADCZ t X Nze_EfD - OffsetADCref{]-g
BaFy — ( BaFy — of fsetapci) - N —of fset 4pe (19)
LED v

+ OffSStADcref,

where N .. ), NggD are the LED-signal peak channel numbers and ADC
offsets are defined as the pedestal-peak channel numbers. The raw BaFq
lightoutput and TOF spectra at E; =29 MeV, 6, 1a6=130° are presented in
Figure 13. The uncut lightoutput spectrum demonstrates the ratio between
the background and the real capture events. The uncut TOF spectrum re-
presents the gamma-peak and the amount of slower particles (neutrons)
that should be cut off. But there is also a certain amount of background
under the gamma peak. To define the TOF-cuts more accurately, two-
dimensional information about TOF and energy of particles in the BaF,-
detector was used. This information is presented in Figure 14. The TOF-
region of the most energetic particles (gammas) can be defined and the part
of the energy spectrum which contains mostly low-energy v and neutron
background can be excluded from the further analysis.

A BaFj-detector at a given gamma angle has coincidences only with the
recoil detectors fulfilling the *He-kinematics conditions. The trajectories of
3He were simulated using the code "raytrace” and the corresponding recoil
detectors were determined. In the case of Ey =29 MeV, 6, 1ap=130° the
coincidences were found for the recoil detectors number 2, 3, 4 (number
1 is the closest to the beam line). In Figures 14, 15 a two-dimensional
information about the lightoutput of a given recoil and the correspond-
ing coincidence time (BaFy TOF — recoil TOF + positive offset) is pre-
sented. The cuts on BaFs TOF and BaFj-lightoutput are applied. This
two-dimensional information allows us to make the particle identification.
In the second two-dimensional histogram in Figure 14 the slowest parti-
cles are ®He, the fastest ones with the lowest lightoutput are scattered
deuterons; due to their high energy (29 MeV) deuterons loose 1.14 MeV in
the target what leads to a deposited energy of 4.63 MeV. Particles that are
faster than 3He and produce more light in the recoil detector are protons
with a low energy. The relatively large lightoutput in this case results from



26 4 ANALYSIS AND BACKGROUND SUBTRACTION

x 10

B L L B B O R

10000

Counts

8000

kground
6000 '

peak

4000

2000

O IR I ‘ I - ‘ I N ‘ L1 ‘ - T | — ‘
100 125 150 175 200 225 250 275 300

Channel number

12000

Counts

10000

8000

background ;

6000

4000

2000

Il ‘ Il Il ‘ ‘ Il ‘ Il
1050

O L L L L L
800 850 900 950 1000
Channel number

Figure 13: Raw BaFs fast component lightoutput and TOF spectra.
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Figure 14: BaFy lightoutput V.S BaFy TOF and lightoutput of Rec.2 VS
coincidence time. Cuts are shown as the black lines.
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Figure 16: BaFs lightoutput V.S TOF spectra of particles giving coinci-
dences with 3He (upper plot) or with p and d (lower plot). Different cuts
on coincidence time and lightoutput of the recoils are applied.
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Figure 17: Ezperimental ~y-spectrum. The black lines show the integration
limits used for extraction of Ay, Ayy values, the red lines show the integra-
tion limits used for test of the background correction.
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the fact that the plastic scintillator lightoutput depends on the incoming
particle type (see [27]). It is larger for protons than for *He. The slowest
particles in the first two-dimensional histogram in Figure 15 are also 3He
and the faster ones are deuterons. Almost equal lightoutput is caused by
the fact that 3He incident on the third recoil detector have lower energy
than on the second one due to the difference in energy losses in the target.
The second two-dimensional histogram in Figure 15 for the recoil detector
number 4 demonstrates that y—3He coincidences can be easily separated
from unstructured accidental ones. Thus, the coincidence between gammas
and recoil particles can be separated from the y—p and y—n coincidences
by applying cuts on coincidence time and lightoutput of the recoil detec-
tors. In Figure 16 two BaFs-lightoutput VS BaFo-TOF spectra of particles
giving coincidences with 3He (upper plot) or protons and deuterons (lower
plot) are shown. In these two cases different cuts on TDC coincidence and
recoil-lightoutput are applied. These spectra provide the quantitative in-
formation about the number of 3He—v and p,d—v (within black ellipses)
as well as 3He—n and p,d—n (within black rectangle) coincidences.

In Figure 17 a gamma spectrum obtained from the raw BaF, short com-
ponent by applying all above described cuts (excepting the cut on BaFs-
lightoutput) is presented. The left part of the spectrum is due to low
energy neutron and -y background. Some of it contributes to the region of
v-peak within the integration limits what influences on the extracted A,,
Ayy values. Thus, to determine the effect of the background contribution
and to correct it, the behavior of the background under the capture peak
should be known. The background function was extracted from the exper-
imental gamma spectrum using the BaFs y-response function. To define
the response function, an additional experiment with monoenergetic ~y-rays
was performed.

4.2 BaF, gamma response function

The BaFy gamma response function was determined at the Institute for
Physics of the University of Basel using the monoenergetic ~20 MeV ~-
rays from the reaction

p+T — *He+~y Q=19.82MeV
— 3He+n Q= —0.763MeV.

The proton beam with an energy of ~1 MeV (near the neutron threshold)
was provided by the Cockroft-Walton accelerator 74MV”. The laboratory
gamma angle was chosen to be 110° to maximize the gamma-rate (the
maximum of the gamma angular distribution is at 90°) and to minimize
the amount of neutrons (the maximum of the neutron angular distribution
is at ~ 0° [28]). The distance between the tritium target and the BaF5-
detector was 80 cm in order to reproduce the geometry of the Jp—capture
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experiment. The schematic view of the experimental setup is presented in
Figure 18. The target consisted of a 0.45 mg/cm? Ti layer with the ab-

P »kn

T—target %
Y Y
Y

Figure 18: Schematic view of the experimental setup for the BaFs,-detector
response function determining.

sorbed tritium atoms, fixed on a 0.3 mm Cu plate. A simple ice-cooling was
enough to prevent the target heating by a ~7 yA continuous proton beam.
The electronics was a simplified version of the J})—capture experiment one
without the recoil detectors, coincidences and RF-signal. The same elec-
tronic modules and gate widths were used.

In Figures 19 and 20 the short and long component of the BaF, response
function are presented. The cosmic background is subtracted (a long cosmics-
run was performed and the amount of cosmic events was adjusted to the
run-time).

4.3 Analysis of the y-spectrum and background correction

The short component of the BaF5 response function was used to define the
amount of the low energetic n and vy background under the capture peak
(see section 4.1) in the following way: the peak position of the response
function was adjusted to the position of the «y-peak in the experimental
spectrum and then a sum of an exponential function representing the back-
ground and the response function adjusted in height and folded with a
Gaussian was fitted to the capture peak region in the experimental spect-
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Figure 20: Long component of the BaFy response function.
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rum in order to identify the parameters of the background function (see
expression (20)).

T+3pa _ (9?*962)2
/ ps-DRF(3)-e *7i di
X

_ L, P2T —3p4
F(.T,‘) = pi-e + z+3p4 _(8-w)? -
/ e 2P dF
T—3p4
Jj=1+3pa (=)
3" ps-DRF(j)-e *7
. _ ; —pQZ ]:z_3p4
FG) = pi-e + J=i43pa _ (i—j)?
e 2P
J=i—3p4
2 (y(@) — F (1))
_ 20
A Vi By (20)

Here p1, p2, p3, ps are free fitting parameters to be determined and N is the
number of channels involved in the fitting procedure. The reduced x? value
varies from 0.8 to 3.2. An example of this kind of analysis is presented in
Figure 21.

The integral of the background function was used to calculate the back-
ground correction coefficient for the extracted Ay, Ay, values. The low-
energy background had nearly zero analyzing powers (more details are given
in section 4.4). In this case the true cZ})—capture analyzing power values are
given by the expressions (21).

tot
capture  __ extracted N
A = A —
Y Y Ntot _ [\Nbackgr
tot
Acaptu're _ Aezt’racted . N (21)
Yy - Yy Ntot _ Nbackgr

Here N is the total number of events within the integration limits and
Nback g the integral of the background function within the integration
limits, A;‘”tmmd and A%tmmd are calculated using the expressions (16),
(17). The correction coefficient % is angle- and energy-dependent.
The values of this ratio for different angles and energies are presented in
section 6 in Table 3.
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Figure 21: Ezperimental y-spectrum in comparison with the fit-function,
reproduced clean y-spectrum and the background function. The integration
limits are represented by two vertical lines.
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4.4 Test of the background correction

The true analyzing powers of the d})-capture process were calculated under
the assumption that the background analyzing powers are zero. This as-
sumption can be tested in the following way.

The amount of the background under the capture peak is very low and if the
background is unpolarized, the only systematical effect is the underestima-
tion of the extracted Ay, Ay, values by 1+4 %. This is significantly smaller

than the statistical errors of A, and Ay,. It means that different sets of
runs at a given ¢, with different % ratios should give the same

extracted A, and Ay, values within statistical errors. This was checked for
all analyzed angles and no systematic deviations were found. Examples of
Alzj and A’;y (k=1, 2) as functions of the ratio %Ml are presented
in Figures 24, 25. Then, if the analyzing powers of the background would
not be zero, they would contribute to the extracted analyzing power values

according to equations (22).

tot back
Aextracted Acapture | N — Npack + Aback N
Y, vy - vy Ntot Y, ¥y - ptot
tot back
capture __ extracte _ ac
A _ . " N bk N (22)
Y, Yy Y, Yy Ntot _ Nbackgr Y ¥y Ntot _ [Nbackgr

Thus, if the background contribution is large, it would not be possible
to reconstruct the true capture analyzing power values by multiplication of
the extracted analyzing powers by the correction coefficient (see expressions
(21)). To check it, the experimental y-spectra at E;=29 MeV, 6,=30° and
0,=130° were integrated including low-energy part (the integration limits
are shown with the red lines in Figure 17) and the analyzing powers were

calculated. Then obtained A;”"“ted, A%”“Cted values were multiplied by

the ratio ]}fvt:t according to the expressions (21). Here N7 is the number

of capture events within larger integration limits, N is the total number
of events within larger integration limits. N7 was obtained by integrating
a clean y-spectrum reproduced by fitting BaFo response function to the
experimental spectrum as it’s described in section 4.3. These corrected
analyzing powers were compared to the capture analyzing powers. The
results of this comparison are presented in Figures 22, 23. The analyzing
powers calculated with the larger integration limits are consistent with the
analyzing powers calculated for the capture peak for both angles within
the statistical errors. These angles were chosen because they represent
two extreme cases: minimal background correction in AgeP"¢ AGPHTE at
0,=130° and maximal one at 0,=30°. This check can not be done for
E;=45 MeV because almost all background was cut by the threshold of
the electronics, but it has no influence on the results due to the negligibly
small amount of the background in the gamma-spectra.
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Figure 22: Ay, Ay, as functions of the ratio % at 0,=130°, Eq=29 MeV.
The black squares represent the true capture analyzing power values calcu-
lated for the capture peak, the red squares represent the analyzing powers

. Ntot
calculated for the whole spectra and corrected by the ratio .
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Figure 23: Ay, Ayy as functions of the ratio % at 0,=30°, E4=29 MeV.
The black squares represent the true capture analyzing power values calcu-
lated for the capture peak, the red squares represent the analyzing powers
calculated for the whole spectra and corrected by the ratio %
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4.5 Error estimation

The statistical errors of Ay and Ay, are given by the expressions (23) and
(24) which were derived using [22].

N (N0)2 (N0)2

2'\/(L}?Z)Q-NZ—F(%)Q-NJ—I—NO-(NK P2z _NJKJPZZ)Z

AAY = .. pl _pl_ . pi
3'(P%Z'PZ_PZZ'P%)
k = 1,i=d,j=¢ k=2,i=b, j=c

2_\/(1(1.{):%)2.1\”._'_ (Kj\;f)-"%)Q.Nj 4 NO. (NiKi.Pé _ J\U'KJ.P;)2

AAk _ N (N0)2 (N0)2
W (P%z'P%_PéZ'P%)
k= 1,i=d, j=c¢ k=2,i=b, j=e. (24)

The total statistical errors are finally given by the equations (25) :
\/(AA;,)Q + (AA2)?

Ay = T A
AAL T AA2
V(B4 + (2432
AAZUZJ = AA2 AAL (25)

AAL + M%ﬂ:
The sources of the systematical effects are the background correction coef-
ficients, the normalization coefficients K* (see (15)) and the uncertainties
in the polarization values.
The systematical error due to the background correction coefficient was
calculated under assumption that the uncertainty in the number of back-
ground events under the capture peak is not more than 10% of its value.
The normalization coefficients K* as a source of the systematical effects
were investigated first using A’;
larization states (see (17) and (16)). A disagreement between A’;, A’;y for
k=1 and k=2 would be a sign of such effects, but the analyzing powers are
consistent within the statistical errors for all angles and for both deuteron
energies. The examples are presented in Figures 22, 23. It means that
these systematic effects are smaller than the statistical errors. The numer-
ical value of a freak asymmetry due to the correlation of polarization state
and beam current was calculated using the following procedure: two runs
with different average current were chosen, then the numbers of events in
zero-polarization state were scaled to each other using the dead-time and
current normalization coefficient and the freak asymmetry was calculated
according to equation (26).

, A’;y values calculated with different po-

- FCy-(1-DTyp) _
FCy-(1-DTy)
No

Afreak — ’ (26)

(23)
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Alreak — 029 at E; =29 MeV for AI =144 nA—11.0 nA =34 nA,
Afresk = 012 at E;=45 MeV for AI =143 nA —12.8 nA= 1.5 nA.

The difference in current between different polarization states was about
0.005 nA at E4=29 MeV and 0.003 nA at F;=45 MeV. Thus, the system-
atical error values can be calculated by scaling the freak asymmetry to the
experimental current difference. The following values were obtained:

SATTeak  —0.00043 at E, =29 MeV,
SATTeek = 0.00024 at E; =45 MeV.

The errors coming into the extracted A’;y values due to the uncertainties
in the polarization values were estimated using equations (27):

5, Ab, = Ak( %) — AL, (PL + APY)

5%22 Al?jy = PZZ Ak (P%Z + AP%Z)
‘Mlzjy = \/ Z Pz yy (5}’” A’;y)Q),
ko= (27)

The total Ay, error due to the polarization values uncertainties is finally
given by equation (28):

\/ (G4 | (04,

(AA1 )t (A W*

0Ayy = (28)
(AA;y)z T (AAgyy

The same procedure was applied to A,.
The total systematic errors were calculated, their values are given in sec-
tion 6 in Tables 4, 5, 6, 7.
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Figure 24: Ay, Ay, as functions of the events-to-background ratio at
0,=27, E4=45 MeV.
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Figure 25: Ay, Ay, as functions of the events-to-background ratio at
0,=169°, E4=29 MeV .
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5 Theoretical calculations of A,, A,,

The calculations of Ay, Ay, of the d}) - capture process for E; =29 MeV
and E; =45 MeV were performed by the group of J. Golak, K. Kamada,
H. Witata, W. Glockle, R. Skibinski et al. They were based on the AV18
potential and the Urbana IX 3NF.

The potential is constructed on the base of the Argonne V14 and Urbana
V14 potentials especially to reproduce correctly both np and pp scattering
data. It is represented in an operator format as a sum of 18 spin and isospin
dependent operators.

Yij = Z [U%(Tij)+U%T(Tz'j)7°i-7ﬁj]0%
p=c,0,t,ls,12,120,ls2
T (ri))Tij + 07T (r3;) (53 - 63) Ty + 0T (ri) Sii T
t Uij(T“)TZJ + v (rij)(6i - 65)Tij + v (rij)Si; T

+ i (i) (T2 + 72,9), (29)
where
Op:c,a,t,ls,l2,12a,l32 _ 1’ OA'z' . &j, S,ij’ (f: ] S)ij, ]:2’ f:25'i ] &j’ (]: . g)2

Sz’j = 305; -’f‘z'ja'j 'f'ij —0; -6j, Tz’j = 3722’1'7220' —7; -7A'j, S and L are the total spin
and orbital angular momentum operators of pair ¢j. &;, 7; are the spin and
isospin operators of the nucleon . The last four terms in equation (29) are
related to charge symmetry breaking of the NN interaction. The strengths
of all terms (~40 free fitting parameters) were determined by fitting the np
and pp experimental data (phase shifts). This phenomenological potential
converted to the momentum space representation provides the basis for the
three-body Hamiltonian given by equation (1).

The 3N-part of this Hamiltonian was described with the Urbana IX model
[29]. This model is based on the Fujita-Miyazawa 3NF, which is supple-
mented by a phenomenological spin-isospin independent short-range repul-
sive component. The main contribution in the 3N interaction is given by the
27 exchange between three nucleons with one intermediate A excitation.
The strength of the 27-term is chosen such, that the 3N Hamiltonian allows
to reproduce the observed binding energy of H. The strength of the repul-
sive term is adjusted to obtain the empirical equilibrium density of nuclear
matter. The expression for the Urbana IX 3NF can be found in [29], the fol-
lowing strengths are used in the present calculations: Ay, = —0.0293 MeV,
Up=0.0048 MeV.

The Hamiltonian (1) including and excluding the 3NF term was used to
treat both bound and scattering states in the Jp-capture process by solving
the corresponding Faddeev equations [10], [11], [12].

The current operator was treated using two different approaches: explicit
MEC’s [9], [10] and the Siegert theorem [14]. The current operator must
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satisfy the continuity equation

a-j(a@ = [H,pq), (30)

where H, j(q) are given by equations (1), (2) cut on the two-body part and
p(q) is given by equation (31).

pa) = Y i@+ a2+ ... (31)

% 1<J

The continuity equation (30) can be split into the continuity equations
for one- and two-body current operators. The present calculations are
restricted to one- and two-body currents. The two-body term includes
NN<NN currents only (there are also NN<»NA and NN<+>AA ones). These
NN<+NN currents are separated into the model-independent (MI) currents,
completely determined by the NN interaction, and model dependent (MD)
ones, that are purely transverse and not determined by the continuity equa-
tion. Their contributions for momentum transfers less than 1 GeV/c are
small and only MI currents are included into the present calculations. The
MI two-body current operators are defined by the AV18-potential charge-
independent terms which do not commute with the one-body charge oper-
ator in the two-body continuity equation (32) [1]:

L4
—52 i ) (32)

q-3P @ = [vy,em
It is difficult to fulfill exactly the continuity equation with modern nuclear
potentials (AV18 in the present calculations) because due to phenomeno-
logical short range terms in these potentials it is not possible to define
unambiguously which part of the potential corresponds to a given type of
MEC. The continuity equation can be fulfilled only approximately. Only the
most important MEC’s associated with the central isospin dependent v;7,
spin-spin isospin dependent vy and tensor isospin dependent vf; terms are
included in the present theoretical calculations using the Riska’s prescrip-
tion [13]. According to Riska, the isospin dependent tensor and spin-spin
interaction terms are due to exchange of isospin-1 objects that are associ-
ated with vector (V) and pseudo-scalar (PS) amplitudes. The first ones are
dominantly due to the p-meson exchanges and the second ones are due to
the m-meson exchanges. Thus the Riska’s method is to determine the gen-
eralized pseudo-scalar and vector meson exchange current operators using
the known form of the single m-meson and p-meson exchange current oper-
ators. The momentum-space expressions for these operators can be found
in [10], they are defined by the potential factors v,g(k), vr(k) and v,(k)
satisfying the continuity equation for the single m-and p-meson exchange
interaction. To obtain the two-body current operators that satisfy the con-
tinuity equation for the AV18 potential, one should change the potentials
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Ups, Ux and v, to vyg, vps and vy correspondingly and define them in
terms of v°", v°7 and v'" using the two-body continuity equation.

vysg, vps and vy are potential-dependent, so the correctness of the calcula-
tions done using explicit MEC’s depends on the chosen potential properties.
One should also take into account, that possible disagreement of data to the
calculations done using explicit MEC’s can be caused by the inconsistency
of MEC’s. There might be also other factors such as using of nonrelativistic
currents (and wave-functions).

Another approach to treat two-body currents is the Siegert approach, based
on the Siegert theorem [14]. It allows us to convert the partial wave de-
composition of the nuclear matrix element of the ®*He-photodisintegration
process (the opposite to the Jp—radiative capture one) to the multipole ex-
pansion [10]:

Ma) = (6@ - 50)[Tps ) = ex(@) - (T8 H0) [ Tpepe) =
— V2r Y NV2T+1TH(q) = T+ 7™, (33)
JA

Then one can split the 7 - term using special algebraic identity into two
other terms, one of them contains the expression

It can be converted using the continuity equation (30) into the term :

- (U5 30)[papre) = (U5 IH, p(0)]| Vo pre) =
(8N H(0) = Ep0)|Tpagre) = (TS (5(0) [T ps ), (34)

where w=|q|=q is the photon energy. The last term in (34) is the charge
density matrix element. It allows us to shift the two-body effects from the
current matrix element into the better known charge density matrix ele-
ment. The other part of the electric term and the magnetic part of (33)
are presented in the recent theoretical calculations in the single nucleon
current approximation. The procedure described above was done in mo-
mentum space, the calculations were not restricted to the long-wavelength
approximation and low multipoles only.

The applicability of the Siegert approach is restricted by the fact, that the
two-body effects are included only in some of the electric multipoles, the
remaining ones are calculated in the single nucleon current approximation.
The cfp—capture polarization observables are expected to be correctly de-
scribed by this type of calculations in the region of medium angles, where
E1 dominates, but not at the forward and backward angles, where the
magnetic transitions contribute significantly (see [31], [30]).
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6 Results and discussion

The analyzing powers Ay, Ay, of the Jp-radiative capture process were mea-
sured at various gamma-scattering angles at deuteron energies of 29 MeV
and 45 MeV. The Ay, Ay, values were calculated using the equations (16)
and (17). The background under the capture peak in the 7y-spectra was
determined using the BaFs response function. The calculated background
correction coeflicients are given in Table 3. The statistical errors of A,

‘ 90m ‘ Ed (MeV) ‘ %
31.04° 45 1.015
51.20° 45 1.007
112.88° 45 1.000
137.89° 45 1.000
170.48° 45 1.000
33.52° 29 1.044
55.32° 29 1.030
76.41° 29 1.013
116.16° 29 1.021
134.94° 29 1.008
153.19° 29 1.014
170.21° 29 1.046

Ntot
Ntot _ Nbackgr

Table 3: Values of the ratio
and Eg=29 MeV.

for different 0., at Eq=45 MeV

Ay, were calculated using the expressions (23), (24), (25). The possible
sources of the systematical effects were investigated in section 4.5 and the
values of the systematical errors were calculated using equations (27), (28).
The Ay, Ayy values together with their statistical and systematical errors
are shown in Tables 4, 5, 6, 7.

The experimental results were compared to the theoretical calculations per-
formed by the group of J. Golak, K. Kamada, H. Witala, W. Glockle, R.
Skibinski et al. The details about the theoretical calculations are given in
section 5. To do this comparison correctly, the experimental acceptances
were taken into account using the following procedure: the theoretically
calculated Ay(0cm), Ayy(Ocm) were folded with the corresponding differen-

) Ayy
tial cross section o(6.;,) (see Figure 4) within the angular acceptance of
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the y-detector at a given angle as it is shown in expression (35).

acm max

> Ayy(Oem) - 0(Oem)

0 .
Atot 0 _ cm min
yy ( cm) ecm max

> o(fem)

0cm min

ecm max
Z Ay(ecm) » 0 (Ocm)
Azot (ecm) — Ocm min (35)

acm max

> 0(bem)

acm min

The determined AY*(Ocrm), ALy (Ocm) values for given 6, were connected
by a spline-fit for eye-guiding. The results of this comparison are presented
in Figures 26 and 27.

The experimental Ay, values for E;=45 MeV are presented in Figure 26.
Ayy at the middle angle 6.,=113° demonstrates a very good agreement
(deviation is less than 1.50) with the calculations done using the Siegert
approach including 3NF. The A,, value for the very forward angle 0,,,=31°
is far from all types of calculations. Ay, at 0.,=>51.2° differs from the
calculations done with the Siegert approach excluding 3NF by 3.50. The
behavior of Ay, at the backward angles is completely different from that
predicted by all theoretical calculations. It is confirmed by the fact that the
values from the recent experiment agree with the data from the experiment
by H. Anklin in this region of angles. The behavior of A, at Eq=45 MeV is
described by the calculations done using explicit MEC’s only qualitatively.
The Siegert approach gives even worse results.

Figure 27 demonstrates that the experimental values of Ay, at E;= 29 MeV
at all measured angles except 0.,=170.2° are in a perfect agreement with
the calculations done with the explicit MEC’s approach including 3NF —
the deviations are less than 1o for all angles. Ay, at 0.,=170.2° is far
from all types of calculations. The Ay, value at 6.,=96.7° measured in
1985 [30] does not contradict to the data from the present experiment, but
this point is a bit out of range. The experimental A, values demonstrate
very good agreement with the calculations done using explicit MEC’s at
two backward angles only. A, at 0.,=153.2° is also in agreement with the
calculations using explicit MEC’s including 3NF — the 3NF effects are less
than the statistical error. The values at the forward and medium angles
are far from all theoretical calculations (the deviation is more than 3o in
all cases).
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Table 4: Ay, as a function of .y, together with its statistical and system-
atical errors at Eg=45 MeV.

Ocrm (deg) Ayy Statistical err. | Systematical err.
A Ay, § Ayy
31.04 4.610 -1072 | 0.228 -10~2 0.113-10~2
51.20 1.199 -1072 | 0.197 -10~2 0.048 1072
112.88 | 1.891 -1072 | 0.236 -10~2 0.049 1072
137.89 | 2.014 -1072 | 0.171 -10~2 0.068 -10~2
170.48 | 1.334 -10~2 | 0.407 -10~2 0.095 -10~2

Table 5: Ay as a function of 0., together with its statistical and systematical
errors at Eg=45 MeV.

Ocm (deg) Ay Statistical err. | Systematical err.
A A, § Ay
31.04 —5.134 -1072 | 0.186 -1072 0.095 -10~2
51.20 —1.955 -1072 | 0.160 -10~2 0.042 -10~2
112.88 1.837 -1072 | 0.190 -10~2 0.042 -10~2
137.89 2.986 -1072 | 0.139 -10~2 0.057 -10~2
170.48 4.507 -107%2 | 0.328 -10 2 0.081 -10 2
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Table 6: Ay, as a function of 0.y, together with its statistical and system-
atical errors at Eg=29 MeV.

Ocm (deg) Ayy Statistical err. | Systematical err.
A Ay § Ayy
33.52 3.010 102 0.383 102 0.090 102
55.32 2.197 102 0.288 102 0.070 102
76.41 2.236 -10~2 0.300 -102 0.053 102
116.16 2.452 -10~2 0.289 -10~2 0.054 -10~2
134.94 2.182 -10~2 0.326 -10~2 0.055 -10~2
153.19 0.438 -10~2 | 0.538 -10~2 0.045 -10~2
17021 | —2.934 -1072 | 0.520 -10~2 0.067 -10~2

Table 7: Ay as a function of 0., together with its statistical and systematical
errors at E4=29 MeV.

Ocm (deg) Ay Statistical err. | Systematical err.
A A, § Ay
33.52 —3.821 -1072 | 0.335 102 0.084 -10 2
55.32 —1.808 -1072 | 0.252 10?2 0.061 -10 2
76.41 —0.443 -10~2 | 0.262 -10~2 0.050 -10~2
116.16 0.465 -1072 | 0.253 102 0.051 -10~2
134.94 1.030 -1072 | 0.285 -10~2 0.052 -10~2
153.19 0.325 -10~%2 | 0.470 -10~2 0.044 -10~2
170.21 1.097 -1072 | 0.412 -10~2 0.060 -10—2
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Figure 26: Ay, (upper plot) and A, (lower plot) as functions of Ocpm for
Eq.=45 MeV in comparison with the theoretical calculations done using ex-
plicit MEC’s or the Siegert theorem including and excluding Urbana IX
3NF. The additional ezperimental Ay, values are from [31]. Only statisti-
cal errors are shown.
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Figure 27: Ay, (upper plot) and A, (lower plot) as functions of Ocpm for
E;=29 MeV in comparison with the theoretical calculations done using ex-
plicit MEC’s or the Siegert theorem including and excluding Urbana IX
SNF. An additional experimental Ay, value is from [30]. Only statistical
errors are shown.
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7 Conclusions

The aim of this work was to extend the existing measurements of the analy-
zing powers Ay, Ay, of the d+H — He® + v reaction. The experimental
data were compared to the theoretical calculations done using the Siegert or
explicit MEC’s approach to treat the electroweak current operator. Three
nucleon interaction were included in the calculations in the form of Ur-
bana IX 3NF. The comparison of the calculations to the experimental data
provides information about the applicability of the Urbana IX model for
description of 3NF effects in the 3N system. It also gives the possibility
to test if the MEC effects in the polarization observables can be described
with the main NN<NN model independent meson exchange currents. The
results of this comparison are presented in section 6. On the base of these
results the following conclusions can be formulated.

The discrepancy between the experimental data and the theoretical cal-
culations done by treating the nuclear current operator with the Siegert
approach is due to the fact that the two-body current effects are included
only in the electric multipoles which are calculated by changing the cur-
rent matrix element to the better known charge density matrix element.
The rest of the electric multipoles and the magnetic ones are calculated in
the single nucleon current approximation. Thus, no adequate description
can be obtained for the polarization observables sensitive to the magnetic
multipoles. A good example is the behavior of A, at E4=45 MeV: in the
region of medium angles, where Ay, is less sensitive to the magnetic mul-
tipole contributions (see [31]), Ay, can be well described by calculations of
this type, but at the forward and backward angles magnetic contributions
become important and the Siegert approach fails.

The experimental Ay,-data for Eq=29 MeV are described by the calcu-
lations done using explicit MEC’s much better than for E;=45 MeV. To
explain this fact, the behavior of Ay, as a function of a deuteron energy
should be taken into account. The experimental data as well as the theo-
retical calculations show that A,, at the medium angles (plateau-region)
changes slightly from ~10 MeV to ~30 MeV, falls down to cross zero at
~50 MeV and stays negative. The behavior of Ay, at 6, ;,,=90° as a
function of the deuteron energy is given in [33]. The absolute values of
the theoretically calculated Ay, in the plateau-region at Eq=45 MeV are
expected to be ~3 times less than at F;=29 MeV. It makes them more
sensitive to the uncertainties in treatment of MEC’s (MEC’s are not fully
consistent, no A-currents) and to the simplified spin structure of 3NF. In
the present calculations nonrelativistic currents and wave-functions were
used. A significant disagreement between the theoretical calculations and
experimental data at E3=45 MeV might be a sign that the relativistic cor-
rections at higher energy are important.

The theoretical description of A, for both energies leaves space for improve-
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ment. The difference between the experimental data and the theoretical
calculations done using explicit MEC’s is caused by the above mentioned
uncertainties in the treatment of MEC’s and the simplified semi-empirical
way to describe 3NF. It leads us to the conclusion that more complete
treatment of MEC’s and a more sophisticated model of 3N interaction are
needed to obtain a quantitative agreement between the experimentally mea-
sured polarization observables and the theoretical predictions. However,
extensions are very difficult due to the fact that modern NN potentials are
phenomenological and it is not possible to define unambiguously which part
of the potential corresponds to a given type of MEC. Another theoretical
approach to construct the NN and 3N forces, based on the use of chiral
Lagrangian, might solve this problem [32], [34].
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