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Chapter 1

Introduction

1.1 Introduction

cattering is particularly o probe to study the isoscalar

the nucleus whose ongin is the spin-spin interaction term of the

) reaction?, whit type charge exchange reaction, is a power

ful probe to study the spin-dipole excitation (AS AL = 1) of the nucleus

From the predictions of PWIA calculations, the
penerally ca i I

+ tation can be resolved into the s w5 of the spin-parity 3
& amplitudes obtained from pati-j

He js two emitted protons coupled to the




1.2

sefullv obtained by o

1. have beon sucee

w method of the spin oo

Historical background for studies of the d-p scattering at

1.3
intermediate energies

There is a wide intere:

Amo

VN interactions ¢
hould be e ized to be be studied at the beginning sinee it is
A of the vector

the d-p scattering

n through
t normal te the sare useful to examine the NN interaction especially for
the spin t force and the sor force.




leses important
[ntions bicome

wsible. Consequently, it is interesting

w calealations at interm
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scattering with h ACTUrACY at

he LAMP!

wen targel at tudy on the d-p scattering in

Many ki

fg< | Goy

1.4 Aim of this th

0 Mel

ata and cale L COver = momentum trar

1o compare the experimental of the single scattering desc

will give

expected to have large values

The |

calculati

ATe SCATCE, mediate en for the first time,

rison between the data ane Ve the NN interactic

an intermodiate energy ar

of the Fadd

PWIA caleulation and

sfer range of g

I'hus the experimental data of the

v calenlation

setiption s obtained by

1 to the the "H{d.?
100 MeV

m transfer ranges of ¢

150 - 650 MeV /e, The

the data at a rather large momentum transfer region where the analy

lation, Calenlations ar

made by, Dr. Koike

the

Our

ion of the d-p elastic scattering are compared with




In this work

cantribution of

the analyzing pow

270 MeV or not

Preparation of the polarized deuteron beam
experiments at an intermediate energy

for physics

HIPIOS at

single-turn extraction of the beam from the eyelotron is required to maintain the po
: RIKEN polarized - . )
larization of the beam. During the acceleration, the sron spin precesses along the
ty of 140 . i Wi
* evelotron field (Larme Becatse the g-factor of the deuteron i% 0.8457
the spin arientation

e beam differs turn by turn®. Therefore,
polarization amplitu

the spin rotation sy

1 Wi




ﬁ Chapter 2

experiment is to
Measurement of the vector and the tensor
analyzing powers for the d-p elastic scattering at

270 MeV

with high statistical |
pplical oF tha o
applicability of the

2.1 RIKEN accelerator research facility

I'he measurement was performed at RIKEN accelerator research facility (RARF)
I'his facility is particularly suited for the

observables for the following reasone

# The newly constructed polurized jon tdes a boam with large intensity
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sextupole fi

d dependence i. lonizer
to the hig v of an ECR 1
ed compared Lo bombardment jomize

neutral ECR

'R plasm

Wien filter

Schematic vi

I'he spin orientation at the target point is obtained by using a p

larimeter
“and “up-down” asymmet order to make the spin |
wpriate angle at the target 1, & certain Wien filter 1 from

oM

160 MHz

nta nponent il By depen
2.5-(n) and is fitted by a sine curve



6. Operation

tion moeasnrement




2.3 Calibration of the absolute value of the beam polariza-
tion

polanzation

B 1L
time [hours]

nsor polariz: rtion of time in 200 MeV by

y from the instability of the polarization i estimated Lo Details are descrit

e depolarization resonance in the cyvelotron

(22}
elastic scattering at B3 = 270 MeV was made by

ase of the A 1
using a scattering cliamber at the position (a) shown in the Fig, 2.7 in the experimental

2 GeV oso
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2.5 Data analysis

The

powers A, A
deateron spin normal to the horizontal plane

the ryz frame of 7/ &

23, 24], vields of the d-p elastic scattering

lyzing powers are di

, whete F, and £y are the

1,(0) cos ¢

(0 sina

e 2/l (0) cos® )

the Madison conve

from the target. The details of the data analysis are described in the r
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s not reduc and were ;
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| 2.6 Results of the analyzing power measurement
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sz the spin symmetry axis of

a, @
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The d—p elastic scaltering 525 R wil e bl

L+ plab_ o AY :
at Ey = 270 MeV | Faddeev (153) of PWIA for direct elastic scattering process, respectively. Details of the calealation

PWIA are described in chapter 4 and 5

PW T'be statistical errors are £0.006 or less for A,, +0.02 or less for A, and A

and +=0.02 ELLG for A, Ar re for A Luse i that t
sensitivity of A, to the tensor polarization j.- is smaller by <in 29 than those of
1 and A compare Faq. (2.7) with Eqs. (2.5 There remair temnatic ¢
2% from the uncertainty of A,. and Ao of the polarization a er. The temsor
nalyzing power A, has an additional uncertainty from the uncertainty of £29% il

1 4 2.7 Application to a deuteron polarization analyzer

In general, the elastic scatiering with

\Ithough the elastic scatiering with carbon has large vector analyzing powers with

arge cross sections, the tensor analyzing powers are very small. On the other hand

the d-p elastic scattering has following advantages as a polarization analvzer
i 2 I

All components of the analyzing

2. The angular distributions of the analvzing powers are smooth

3. The cléar event identificat nethod i possible

Therefore the d-p elastic scattering is suitable for the simultaneous measurement of

Cigure 215 § . - .
Figure 2 veclor and tensor components of deateron polurization. There exist deuteran po

MeV, The
Sl

1A for larimeters which utilize the d-p elastic scattering. AHEAD [18] is dedicated to mea

d deuterons. DPOL [27], which has been

sure the tensor polarization £y, of seatte

12




cattering is also utilized to measure Ci]apt—e]‘ 3
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1 i 1m particle waln §
ment of the mi charge possible
A clea il 1 L atteri ' erient ar an
it " e th elastic scattering will be used 3.1 Measurement and result
I 1 i The differential cross sections we

a polyethylene film t m®. The size of mulliple

3 the tamget is estimated to be £0.04%, The |

scattering of the beam | R

bombarding the

was 1~3 nA, Note that the thickness of

agroes. with the yield at 8, = 20° measured at the end of the exper

‘al error. The diameter of the beam spot on the target was less than

2 mm. The experimental setup was basically the same as in the analyzing power

I} 2 M
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Chapter 4

Impulse approximation for the d-p elastic
scattering

o approximation fo
<42, 43, and 4.4
cattering matrix, an additional approxi

wion of optimal factor nade and deseribed in section 4.2, In section 4.5
{ optin 1 wojection m, and the d ; i
projection m, and the de ve funetion with relative momentum 24
e differential eross s ns and the s i are derived. Comparisons of . : »
impulse appraximation, one of the nucleons in the de 1 undergoes ;

) I
experimental data at £ ;
- : tering v I as shown in Fig, 4.2 where 7is the de

270 MeV are presented in se 1.6 and discussions are made in section 4.7, ok .
Fhe impulse-approximation amplitude is represented as

S ME i AN

4.1 Scattering matrix

An impulse approximation formalism for the d-p elastic scattering is derived fol 25y <
¥ is the relative position between two nucleons in the de
lowing the a of the PWIA for the (d. *le) re: vhich is introduced by g = -
seattering amplitude between the §-t) nueleon in the
Tl effects arising : 3 Xk
calculating this amplitude the fYY should be integrated over the
cted; The [Destate com ent of the deuteron wave = 2 e :
denteron internal momentuni 7. To simplify the caleulation, the primal factorization
tion is not uded; Non-relativistic treatiment is made; Exchange process is not

1: praton in the deuteron, 2 neutean in the de srotan




4.2 Optimal factorization

The single scattering diagram in the deuteron Breit frame (or Bri k Wall
15 shown in Fig, 4.4, In this frame the most te choice of the opti
momentum is ['he choice of the optimal mementum F = 0 results

I3 scattering itself we NN Breit frame (Fig
in NV x

he optimal momentum in the de it frame
F, as zero implies that the optimal internal momentum i frame,




4.3 Spin part of the scattering n

VN amplitud

Ki{tlxy) is tical factor defined as

sin i
. i
K{lxx)
Sty 6

«l becanse the NV amplitudes are




.5 Observables

Making a

Ir |[FSF*
Ie[FF+




I'he other observables

through Uhie following 1

obtained from T as




4.6 Results of the PWIA calculations

1, impe
teron {-state in the
of the terms
funct 15 composed of 6 terms and the NN scattering amplitude is composed of 5
terms so that the d-p seatte g amplitude consists of 6x5x6 180 terms. It is not
g the ment of the tcity of the PWIA treatmen

stigate the nentron exchange process which is still simple enough

r powers al backward angles will be

e present PWIA calealatio :
Similar to the PWIA caleulution for elastic channel, the scattering amplitude F,, for




Chapter 5

Three-body calculation

cems to improve the fit to the dats 2
is a two-body NN scattering ¢
till remains a dis y in the differentinl cross sections at LE .
miatrix which can be obtained by solving Lippman-Schwinger equation, and (7, is 2
certainly interesting y ‘. }
Green function in a free space. From the Faddeey equation, it is easily understood
ccount the mterler 1 r r
that the three-body f-matrix can be represented in a form of expansion by two-hody
the deuteron D-state




Caleulation for the
MeV

yroximation whic

34]
e is not considered




Comparison with the data and discussions

caloulation

60 120 180
O.m (degree)

in the ca
rally difficult to modify the

of their normalization. Th e, here.

maodification of the three-body caleulations

One plansible expls jon for this « srment might be due to the S-wave

s sections are smaller by 30% than the data at
component of deuteron-proton interaction. One of the candidates to correet the S

minima while & pood reproduction of the analvzing
wave interaction is the inelusion of the three-nucleon interactions ( TNI). for example,

ta de s of free 1. Note that TNT is no ided in the present calenfations.

I'he delta intermediate state in the three-body scattering at intermediate en

ent energic
much more important than it s at low energie: I'he delta inters

00 MeV and compared these with the existing experimental data
generated by exchanging two pions among the three micleons as shown

sgether with the data at £ =270 McV. Note that the differ




d—p

x10%~

/7

swddom on the threenucleon svston

L | A B B | LTy
60 120 180
(degree)

c.m

b ilferential cross sections at Flsb 120 MeV [39]. 190 MeV [40], and
270 MeV (present) data v the predictions of the three-body caleulation




Chapter 6

Summary and conclusions

mooth beb
determination of the deuter
il tensor compones teron pol: s simultaneonsly
lts are compared with the predictions of the PWIA calenlations. o the
lescription, one of the nueleons in the deuteron undergoes single
hat there exists no o table pe
. are roughly r
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Appendices

A. Spin polarization for 5 = 1 — The Madison convention

1018




spherical to Cartesian

I'he spherical and Cartesian ten




B. Magnetic elements of RIKEN PIS

(Sextupole n

a) Pole Tip Field of the 15t Sextupole magnet

ge field for the strong field transition

) Excitation of the SFT magnetic field (@center)

00 —r—r—r—r

W

" filed for adisbatic pa

il CURRENT
L
(T
LT

thmm]

(a) Excitatic nction of the SFT magnetic field measured at the e

i .|f can be endent form the center field s




Adiabatic passage field for the weak field transition Magnets for ECR jonizer)

4) Excitation of the WFT magnetic field (@ center)

Probe Pozition [em]
Mauin

b) WFT filed for adiabatic passage

10

Probe Position [em]

the center
e WEFT : (a) Axial magne 5 I mirror m
typical parameters of LA(

trength of the ECR sextup




C. Hyper fine structure of the deuterium atom

10 10~1 1
MAGNETIC FIELD STRENGTH B/B.




14 MeV

E. NN scattering amplitudes

on polarization have heen obtained on the basis Ihe NN seattering amp

Ciaa reaction which were measured at the obtained by using a code SAID [33]. In

14 MeV]

Ihe KMT parameters A, B, O, E, and F, by which the NN scattering amiplitude is

written as

& B{d -n) (7« )

||.||
FPRIS PR PP PO 1 'S FUWPS FUVEN I N
50 75 100 125 15025 50 75 100 125 150 THa KM sasknpters and the BYs e AP Ve

ERING ANGLE [lab.]




F. Parameterized deuteron wave function

Ihe masses m; are chosen as m

typical denteron dinmete

I'he values of the parameters |




G. Spin projection operator '

parameterized denteron wave function.




H. Analyzing power measurement at £, = 200 MeV * (Research Center for Nuclea

ph GRAND RAIDEN
tum resol { 5= 10 ROCNP R
up to 200 MeV. Highly polarized deuteron beam s

Ay 50

1, (907
01.39] £0007 0A4ATE £ 0,016

=100 kel

Ex (MeV)
L, OO0
2319

L0498




MEASUREMENT OF THE VECTOR AND TENSOR
ANALYZING POWERS

FOR THE d-p ELASTIC SCATTERING AT E,; = 270 MeV

Supplement (published paper)

PFOWERS FOR THE o

mpared with a Faddeov caleulatiol
components of the analyzing powers, while a P i s

u the cross section around 8, .,

T'vpeset using REVTEX

*Present address; Cyclotron Labaratory, lustitute of Physical and Chemical Research (RIKEN

Wako, Saitama 351-01, Japan




here is o wide interest in how well few-nucloon svste an be described by using up, and down. | ector consisted of an NEIO2A plastic scintillator with a thickness of

on-ntcleon (NN interactions determined by st data. Among the fen 1 ¢m con 161 photo-multiplier tube. An aluminum t
euterot (Nd ) scattering is a rich fi 1 4 f i ale the kinetic energy «
and tensor spin ol ! nt itillator was maxinized
part of the NN inters = spin-orbit « and the uter and recoill protons ir nematic
for the a Aing power scattering from other seattering pr
interactions [1]. In the deuteron break-up process. Seattering
lredd Mok

af deutoron polar

sation obsery f o sratierit 1, I deuteron detector was: desiened to be e emough to cover the solid angle
andd the large momentum behaviors of the NN interaction becoms I ton detector, For the specinl case in which the eutgoing deuteron
mereasing the scattering enerey, it nterosting to investigate whether or ¥ hia 2 ratory angle of nearly - p elastic scattoring was mcasured
of the Nd scattering in the inter nery region can be deseribed by v 3 1 the horizonta al planes. The wwo particles could
v ealenlation in a 1 I also helplul for the learly dist v their different ey - plastic scintillatc

were taken with

calcnlation with the full VN 1 of 5 2 by ex

calculation of 5 < 3 [6] with a new me parable expansion USE (unified se ‘s N_, and Ny are the occupation probabilities of the deuteron substs

expansion] [6 ject 1, and 0, respectively, polarization modes were changed ovelically at

The measurement was performed at the RIKEN Accelerator Research Facility (RARF) intervals of 20 scconds by switching the RF transition units of the jon soiree, A polarization
vector and tensor | ized deuteron beams were provided by the newly constructed monitor system, which was installed downstreanm of the target, also uti

ed jon soure and at first accelera up to 14 MeV by the injector AVF eyclotron seal . +90° as a polarization analvzer, The boam polarizations were monitored

Ring cyclotran. 11 t s of intensity of continuously and e found to be 60-T0% of the theoretical maxinmum valies throughout

10 uA bombarded ethylene (CHy) target with a t wss of 8.1 mgfem®. Four the experiment. Th te valu the beam polarizations have been calibrated by using

pairs of detectors were placed symmetrically in the directions of azimuthal an ft, right the 2C{d, p)Cynq teaction at ESY = 14 MeV. The energy of 14 MeV corresponds to the




wrgy of the main Ring cyelo! anal

This method doss not require ar
I MeV have been m

extracted by
Ty Exs. (3) were averaged
the polariz f the d-p In the measurement of the tensor analyzing power
chtlering at 270 Me) that the deuteron rotated into the horizontal and inclined 1o 4
ped and olarization during

ween the beam ction and the spin symmetey axis by using a Wien filte
el y elastic scatlering /2 anc 2 (left and 1

are defined i

k, and k

ial cross sections were meastred sepa
i four pai f detectors in the direc am. The neter of the beam spot on the tanget s Jess than 2 mm, The target was a
radian, resg From Eq. (2) vethylene film with a thickness of 40.540.8 mg/em®, The d-p ¢
aod measured on the left and right sides roction by two |
setup was basically the same as in the anal

were not used in thi surement

I'he statistical uncertainties amaller than the

the solid circle symbaols, are

for all a asured yield ft and ri counters agreed within




of the counter iencies of the

to be less than £3%. There the tensor a to the ten
It is nated NN interaction at low that the
final eross section are statistical

the Argonne vy potential is determ
and a sy miaki

improves the fits of the cale especially for A By Witala ef al
be noted t m contained in the Faddeev caleulations with < 4 have been performed at £l 1 MeV and 187 MeV
IEASMICITENE KinC The inclusion of the § r partia

of 130 MeV and

rof Rel g Fmatnx weclions are rsistent smaller than the
ith an NN imt it + calenlation of the Arg
ol Moreover, it is

e v her fit is improves

an explicit
nutrber

inclusion of + three-nucleon bound state La
is suitable. In the caleul: nne vyy potential is emple been recently of. [16]. Finally, it would also be interesting to study the role
onverted to a se  SeTie USE. The advantage of USE is that the s of relativity [17 ch is one of the curront issues in the study of the few nuc
5 CONVET arable two-body fmatrix, two-dimensional integral

It summary rential cross secti and analvzi * vy Ay a0d A,
evv equations are reduced to coupled one-dimensional integral equations. The resulting the d-p elnstic scattering were ssured al Fls 270 MeV ilabiomin-usine
mal © integral equations are converted to a matrix with 32-point Gaussian a separable ex ion meth USE were performied including the NN partial wave intersd
ature on a « From the obtained matrix, a Born

tionsof j < Jand j< 4. |

t is found that the analyvzing powers are deseribed fairly well while

he Pade approxim:

values 4t around 8., 1207, A diserepancy of similar fits to the data

at lower en 7 130 MeV and 190 Mo\
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