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Abstract

Spherical tensor analyzing powers iT, . Ty, and T,,, have been measured for

. . . . . L . P Int: 208 .
polarized deuteron inclusive scattering from targets of ©Li, 12C, 5}‘{\’1, “08Ph, and polarized

deuteron elastic scatiering from 1, 211, (‘Li, SN and 208pb g energies of 191 and 395

MeV. Cartesian tensor analyzing powcnx /\y and A)) as well as d}ffuumdl CTOSS sulmn

have been mumngd fm polarized deuterons xultuad from %I\x at energics of 7()() 400,

and 700 wv '

lems of the analyzing power 1}0 have been found to be of sufﬁuun magnitude that
.2 M

) )
a high LfﬂULH() medium energy dLlllLﬁ%ﬂdedu’ may be built based upon d-p L] 1stic,

J

1
X

scattering. A large ne gdtlw peak in the l;‘"’O curve between scattering angles of 85° and
148" in the center of momentum fmmg TL.d(hLS nearly -0.6.at 191 MLV The polarimeter,
disigncd 16 measure deuteron tensor b(\]iirilll[i()l]‘s tqo, ), and ty,, at deateron energies -
between 80 and 200 MeV, would hiave.an (,”lLH.HCy of dpproxmmtcly 103 and a hum, of
merit for T, of approximately - 2 x 102,

The vcctﬁr analyzing powcr: 1T, are relatively large for ncen‘ly‘all measured elastic

scatterings seen in this work, © 0
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Chapter T - Tntroduction

Sinceat's discovery in 1932 the deuteron has been atthe tocus of much u‘\;xm‘h, To
llnxrnf‘y this  statement one hs merely toremember that o complete knowledee of the
denteron's properties s required m oider o determine the ‘p;n‘lich"\ avve function, Hcing
the onily <table two nucleon svstem, understanding the deuteron wine function iy of
PHIGTY hportance m understanding the noclear force,
Two angular momentum states are possiblein the deateron and they are the 'S S, and
R

‘I) states. The wave function is known to he predominantly S state, with about 4%
state. The pereentage (.>t‘ [ state (i’l)) 15 “' controversial figure, and .m;m) caleulations hyve

»

been done using different values for Py ]HL()H\I\[LHLV in these caleulations as \ul] as
disagreement with experimental findings indicates that further information iy needed in
order to obtain a more reliable representation of the wave function. Some of this
nformation is contained in the deuteron form factors.
There are two form factors needed o deseribe the non spherical dcutcn‘»{l‘ These are
the electric and magnetic form factors, which are denoted by A(q) and Beq) respectively .
Appendix b shows the relationships hctwccﬁ these form factors and their constituent
charge monopole, charge quadrupole and magnetic dipole form factors which are denoted
“Fo(q), Fo(q), and Fy,(q). Each of these three funciions of momentum transfer are Fourier
transforms involving the S and D states of the deuteron wive function, and rclcé’;tﬂt
nucleon form fyctors. A(q) and B(q) are defined such that the q O himits of F(,('q') and
Faf(q) are the deuteron ¢ harge and magnetic moment. E xplicit expressions for the deuteron
form factor, along with a summury of deuteron pmpcrlics, m;xy be found in /“:ppcndix I
Deuteron form factors may be determined by measuring reaction (»hsuvablu n
clectron dux(uon clastic scattering over a particular range of mumL‘ntum transfer. Appendix

I gives the relationship between the e-d reaction cross section and form factors A and B.

From this relation it is seen that A und B may be determined casily by measuring the

.
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L . o ‘
From this relation itis seen that A and B omay be deternined castly by measunng the
angular dependence of the reaction cross section, and that Fyg s determimed nmquely. To

Ry
separate the form factors Foand Fooios however necessary 1o deternmime one additional

[ . )
hnear combhmation. This may be done by o measurement of recoil déuteron polatization

fromth - attering.
4

Steeedeuterons are spin boparticles, their polassation is deseribed by a set of
polartization tensors. Two of these sets will hc\dgy vibed m detail in Chapter 1 The et of

&

such tensors which is convenient tor determining deuteron form factors is the ST

tensors. Relationships b{cmccn deuteron form factors and spherical tensr polarization
parameters for clectron deuteron scattering are given in /\ppcnd]i\( 2.

“AS \Ccn i Appendix 2, determination of tensor polarization '()h\cr\‘;qhiCs from
clectron deateron scattering is essential 1o allow xcp;n‘um:n of monopole charge and
quadrupole charge form factors. Polurizations Ly and 6, are of particular interest due to
the fact thutif one of these iy measured successtully, the previously unseparable product
b, becomes separihle. A method of determining these tensor polarizations is developed
in Chapters 1T and 1T and involves first convidering a reaction of the form
d+ A->d v AL As deuteron beam polirizations are given by tensors, tensor analyvzing

powers must also be defined as is done in Chapter 1L The cross section of a reaction of the

above form s characterized partly by its unpolarized cross section and its tensor analy zing

5

powers. To measure the in‘iliu] deuteron beam tensor polarization it is necessary that the
tensor analyzing powers of the target be known. Finding a target with sufticiently Lurge
arilyzing power to measure the polarization of lhg deuteron from e-d scattering in an
efficient manaer is the essence of this work. It is the analyzing power T, that is

. . . L . . 5
emphasized in the case of this experiment, Tensor analyzing powers for several targets

¥

were determined using the well known tensor polarized deateron beam at Laboratoire

National Siturne (ILNS).
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Chaptcr ‘II also presents two quantities known as reaction c{ficicncy and ﬁgu‘rc of
‘erit Thc reaction efficiency is directly | rLid(Ld to the reaction cross sectign and thLCI
‘ lhl(.i\nt.SS and-the figure of merit gives. a qudntit‘itivc cvaluation of how Lffl(an[iy
particular target will measure:a pzii'licniur Componcnt of beam polarization.

The facility at LNS consists of 3 syin_chrolron capable of ;ic‘éclcrzitirig tensor pnlairi'/.cd
dcutcrons to cnciuics ranging {from 100 MeV to j’340 MeV. Tie ﬂuty c‘yclc of the machine
varies from 40% at 1 GeV to 15% at 2.7 GeV. On the site thuc, are 7 prmmuudl
bUnkus Three of thcse contain magnetic spcctromcturs ( ndmcd SPES ), one of which is
cmp'loyed for some of thg prunmnts dealt with in this work. The expcrim(,ntdl deiimes
] will be CilSCUSSLd in gruitu detail in chapter 1.

The targets tested were “8Nj, 6L, 12C 707Pb M, and 2H. Previous measurements
of elastic RCdtterg showed that: SSNi mdy havc large sphencal tensor analyzing power
because of its rdativdy large cartesian tensor dnalysing pOWC)’EXerlanldi tcchmquesi
’dnd the mahods of analysis for dCILl’mlan sphgncal tensor analyzing powers for
'dLutLrQn - nuc]cu-s sczmcrmg are exp]ained in detail in Chapter T, Dctcrmination of
cartesian dﬂd]y/m(’ powers, and duummdtion of spherical analyzing powcrs ford-d and
d-p- scattermg will be briefly covc,rcd in this chdptcr Thc results of the dnd]yses for all’

targots tested will bc, pru,c.nlcd n Chaptcr IV.

As anthLI‘ prucqumtc to the understanding of opesigiss

e

polarimeters, the nicthod of dccoding the collected data and
tensor polar*izalion is described in derail in Chaptcr'\/. :
Several low energy dculgron tensor pOidrlInL,[CFS have been constructed based upon
the d(d p)t and 3He(d, p)“Hc ruictions however for encrgies greater than 100 MeV
difficulties have previously bccn-c‘ncountcrcd in finding a suitable analyzing reaction. In
Chapter V, tcnsoii polarization analyzing ricziciions and deuteron polarimeters for low

energies will be briefly discussed. Also included in this chapter is the outline.of the



4
- operating principles, requirements , and limitations of a medium cr1cfgy deuteron
polarimeter. Bascd}on the results of d-p scattering at 200 MeV, it is shown that such a
poldnmutr may be successfully implemented in (he e-d scattering cxpuxant which is to

tdkc place at the Bates Linear Accdcmtor Center in 1986/87.
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.

“ When discussing polirization of particle beams or targets, spin 1/2 are most commonly

+

N LT ad ~ . . . . p
dealt with, The polurizatioh ™ such an enseimble of particles as characterized by a
N

magnitucie and direetion, which is just the average value of the spin of the enseinble. Tt is

clear that for spin 1/2 particles a vector is sufficient to describe the polarization.

The discussion [T} of polarization of spin 1/2 particles begins with the spin wive -

function
X qa+c,p where al = [ 10] and B! = [01].

The superceript t represents the transposed matrix. ¢ and ¢, are complex constants, such

N

TSP 2 2 '
that for nosmalization purposes, | Cll Tt lczl - - L

When dealing with an ensemble of particles in N different sttes @ depsity mutrix is
defined by p XlN)‘(,_xI"L/N. Y, 1s the wave function of a particle in state T. From the:
. : \ .
‘ definition of the expectation value of an operator a, <a >y ay. it can be shown that
foran ensemble of particles the expectation value of 4 s givenby <a> (r(pa).
The gc:w_‘f’;il density matrix for a beam of some polarization i onven by:

p -1 yPo}l2.
[ere g O, Oyj ¢ o,k o, are the Pauli spin 1/2 m;miccé, i, J, and K are the
cartestn unif vectors, and Pican CXPUnSion p:u':nnclc%func considers < ¢ >

, . w o _

<o> - tr (pg) vlr-('le P-oyo/2 ' . | ,
Then < g > P ’, as tr (G). 0 and tr (P-g) o 2P This sugeests that P s the
polirization of the beam and the density m:mi,; for a beam of polurization P is:

y) /2

p - (1.Pg]/2 - (1+ P72 (Px-iP
| Py P12 e,



P l - ‘ | O
When a spin 172 particle u‘ndcrgoc.\ an clastic Sclutt‘qring in the genter of momentum
- (comy) frame, the only 2 things that may change arc the direction and spin state of the
particle. The final spin state X(\U is rcl:;lcd to the initial spin State X by the scattering
matrix M:
Xy~ Mxg .
Consider the most general form of the scattering matrix for scattering from a spinless
target. First define the coordinate sjstcm'whcrc . ‘
n=(KxK")/ l‘KxK'l,p = (K + K)/|K K"I,»zmdq = (K-Ky/ |K-K'|
K and K'are the dircclkms of the ﬁmmcnlum of the incident particle before and after the
(\sc;ittcring. The matrix is written:
M(8) = T+Ugn
This matrix 15 obtained by Cohsibdc.(ing a compl‘[‘ctc the set of basis matrices (1.0), and
combining-these with the dircction unit vcctors‘nl_ p, and k. in various ways in order to

find the most general sum of t¢fisors which may dglscribc the scattering. Parity invariance

‘ ' ' /.
15 then incorporated to reduce the number of contributing terms.

The most, general form of the scattering matrix for‘ spin 1/2 scattering off spin 1/2
purtic]cé 1S: .
) . .
M(8) = V+Wg ng,n+ X (G,m+0,n)+YQ,po,p +70,q0,q
“where subscript i represents particle i, Incident and target particles are represented by i = 1
and 2 respectively. V - 7 are functions of 6. For this matrix, parity invariance and time
reversal invariance are used to reduce the number of terms. |
A final state density matrix is defined P
P~ ilN 20T N
B ZIN (I\/[.Xt(i)) -(;\]xﬂc(i))% /N ..
2N My Oy DTMEN )

- MpOM', where p® is the initial state density matnix.
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;For an unpolu.fixcd beawm, p(f) = MM' /(L’s‘l + 125, + 1) ’“31 and s, are the values
of the spins of incident and I;il'gcl purticlcs. It may be shown further that the differential
| cross section for the elastic scatfering is given by: |
(do/dQ), = r (pD) .
FFor a polarized beam incident on an unpolurizL‘d target, the differential cross section
may be written: -
(dcs_/dQ)p = 1r (ph)
= e M1 P M/ (25, + D@5, 4 1)
= [ (MM + p- tr'(N’igl'I\'I*) )/ (Zs; + DA2s, + 1)
X\cio/d())p = (do/dQ), +‘P-Av (do/dQ),
'I\fhc vcctovr A is defined as the analyzing power of the reaction and is caleulated from
the scattering lealrix. as:
A ::'tr(m1glni*)/1r(h1n1*)_

Note also that the polarization of 4 scattered beam may be written:

P - u (MM'g)) /ur (MMY)

2. Tensor Polarization
“When dealing with spin 1 pzir'{iclcs the description of polarization f:cquircs second rank

tc'nsors. This 1s due to thc three possible spin projections spin 1 particles have on a given
- quantization a‘xis.“Exprcssionsb similar to the spin 1/2 operators are defined for spin 1

particles, and the treatment of the spin 1 case will foHo.w closely the framework of the spin
172 case. The discussion bcgins with the spin 1 wave function

A :éla+a2B+a38 '
where at [100], Bt E .[O 10], and 8! - [00 1], and the a; are ’Z“(U»mplcx constants.
' Fora xpm I beam a density matrix is defined as in the spin 1/2 case:

- N t
p - 2 MAALN



\/

d 8

Note thut e e nine quamtities in this matris. and the normalization requirement reduces
- . ‘ - . Y

the number of independent quantities 1o cight.

" 3

The speooperators used are the Pauli spin 1 operators and the 3 x 3 identity matrix,

%I‘hcxc eperators do not however form a complete basis for the general 3 x 3 density

7’
S/ matnx.und itis therefore necessary to define a complete set of wensors. The first set to bc[*

defined are the c';n\v\i;}uflcnwr oprators (2]
V; Si ‘ ‘i X,Y,Z I1-1 a)» |

. vij  (372)(8,8;-857) - 26 1 Lioxy.z | 11-1b)
Sy = [0 N2 0 Sy 0 -iN2 0 S, = |t 0 o0

IN2 0 1n2 N2 0 A2 0 0 0

0 N2 0 , 0 in2 0 Lo 0 a1
Note that '

-
. Vyxx t Vv, -0, Rt

dS

S
vector polarzation

LT tr (pUi)/lr (p)

Jarization

pij L r (pl)ij)/lr( ) , Icrn\u[fj‘."

.
Ttis desirable whd maore convenient for the purposes of this waork to express this
polanization in terns of tensors which transfonm under rotation like the spherical

Parinoniess A setof such fensors is proscated by Takin [3]:
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T, - 1 | B TR
T, - V32, . 112 b)
T, - -V3(S, +iS )/° | -2 ¢)
T, - (35,2-21 )/\/2 - 11-2 d)
Gy = V3 (S is),)»sZ '+ S, (Sx 1 iSy) 12 I1-2¢)-
n " Va(S s | -2

and 1y g= (DA for k 012 and Iqls & .

The p(;luriz'utions Pkq re ugltih dclﬁncd in terms of the density mul‘rik:
Prq = F (PTeg)/ U (p) |
Vector polarization is described by the above tensors py g when k = 1, and tensor
‘ :
polarization is the case of k = 2

The cartesian zlhd spherical polarization tensors are related by the the equations given in
/\ppcndix 2.

Andldonus to the xpm 1/2 case, a xc‘mumé matrix M is defined and tensor dnal)/mg
powers dre described in terms of lhxs matrix and the density matrix. The algebra for this
formalism will'not be presented here due to its similarity to the spin 1/2 case.

The analyzing I;owcrs arc denoted by A, and Aij In cartesian coordinates, and qu n

spherical coordinates:

A; = Te(MUMO/TrMMT) Pexyz
Ajj = Tr(Mog M/ TrMMT) o xy,z
or ,
Tiq = TrMr MT)/TrMM') k012, lql<k
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3. Polarized Deuteron Beams

Inthe case of this work the ensemble of partieles 1 a polarized deuteron beant. Like the
polarized deuteron beam at LNS, most polarized deuteron sources produce spin systems
- . v -

“with cylindrical symmetry. This is the type of system which will beystudied in this chapter.
[n designing a device which measures tensor polarization of a beam without symmetry,
well known beams like the one at LNS are necessary for calibrution, and for determining a
suttable analyzer. These topics will be discussed in subsequent chapters.,

The axially symmetric system is represented in Figure II-1 by N particles having their
spin projections ‘oriented along a quantization axis §. N_ particles have their spin
\d
projections along -& and N, particles have spin projections. distributed axially
symmetrically around, and perpendicular to &, The expectation values of the spins of
particles in each orientation are for
! -
No/Ng, <S,>-0,

N+/NS, <S,>=4+1,

N /N, <SZ_> = -1,

where No = Ny + N, +N_.

»

Consider the above expectation values in determining the values of the spherical

polarization tensors, Assuming normalization, the average value of the 2z component of
Spin is
. i \
<S,> - (N, -N)/N,. |
Terms containing (S, + iSy ) are zero due to the cylindrical symmetry. When these
', terms dre sybstituted- into the tensor relations, only two terms are different from zero:
- AN32 <S> -3 (N, -N \)\/N
Pro ="V Oz~ V. + 7 S
a2 - 7
Pa <(38,2-21)>N2 - (Ng 3N,y N2

To investigate further the meaning of vector and tensor polarization, consider first the

case where Pyy O (tensor polarization is zero). Ny 1s required to be N /3. In this cuse



beam is)purcly vector polarized with

N3 < p, < Va3

.

\“ 0, this is the case of of pure tensor polarization. Here cither @ N or

}
NN \0.

When p

These twe conditions result in
N2 < op,, < N2,

The Madison Convention [4] has defined the coordinate to be system used throughout

4

the remuinder of this work. In this right handed coordinate system the positive 7z axis is
tiken along the direction of the momentum of the mcoming particles, and the positive y
axis is along k;,

x k

1 Rout

Now consider i polarized beam of deuterons with quantization axis 0& aligned along the
z axis of @ cartesian coordinate system as in Figure 2. When & 1 rotated relative to 7 the
rcsu]’t will be a change in the values of Pk If'E iy rotated through the spherical polar

angles 3 and ¢, the new values of Pkq My be found using rotation D matrices as in

Appendix 3. The results give vilues of the new spherical tensors which will be denoted

kg

| o= 1 " -3 a)
o= Py cos(P) -3 b)

.itl'l Py sin(B) cl® N2 ) ~H-3 ¢)

-' g Pag (3con™(B) - 1)/2 11-3 d)
V32 sin(B) cos(p) 0 13 ¢)
.‘22 AL Pag Sin*(P) ¢120 113N

Having developed the above relations, determination of the tkq's for the polarized
deuteron beam at TNS follows. At NS the quantization axis & 1s oriented such that

B m2. The above tensors become:



o | | a4 a)
bo O . I )
T Pl cos) v sineg I/\/l | ’Il 4 ¢)
Lo Pa/2 14 d)
L, 0 14 o)
IRAATE Do [ eoseZo) vising2g) | 41

The cross section fora reaction i which tensor polarized particles are incident upon an
‘ unpolunzed tarpetis given by:
a(0)  ©,(0) Yq g Trq (0)
where O s lhg unpolarized cross section, and O is the angle that the \c;nlcrﬁ'd particle
makes with the incident beam direction. Expanding this equation, observing parity
conservation (see Appendix 4), one obtains:
o(8) o,(0) {1+ 20T, (0) Reit, ) - T,0(0)
¢ 2Ty Re(ty )+ 2T, (0) Re(ty,)} 115 a)
From equations 11:3 the above equation becomes the general cross section expression for a
deuteron beam with axis € rotated through arbitriry spherical polar angles 0 and ¢:
o(6)  ay(6) {1« 2ip, T, (0) sin(0) cos(oyN2
+ Tz()(())pzu(.?c()sz(.()) -1)/2
i V6 '1'3](8) pz()sin(()) cos(0) sin(g) .
N32T,,(6) payg sin® () cos20) | 1L
Esing cquations 11-4 for the polarized beam at INS, the cross section becomes:
a(0) = 0, (8) {1+ 20T, (0) (p,eos(@IN2) + poy Ty, (0) /2 2T, V3% Py cos(20)}
Which may be written:

o(0) [,(0) - 1+ 2 iql(;r‘»]‘lmm) bl Ta/2 ¢ Y82 Ty co8(20)] 115 ¢)

This very important rcSQIl ;11]()\\4;? the tensor analyzing powers T, and T, to be
. Oy " - -

.

%

calculated. This i true hcié use at LNS the beam polarizations, Py and P, may be made
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tovary. The ton source has the capability of doing this through the application of various
sets of 3radio” frequency (RE) transitions,

Sclection of these states beging h;v using a sextupole magnetic field to \clm‘.l the
clectronic states m, 2 for deaterium atoms, After this is done, RE transitions are
.'miwlicd in order to produce switching between magnetic sublevels, This switching is done
- fashion that produces the desired nuclear polarizanon. The transitions are:

DT A Tow field triple transition at 10.5 Mz

. 1> < > i >
20 hrno> <> o>
3. inrs>s < > 21>

MT). A medium field double transition at 343 Mz
4 hno> <> Japos
, 50 hnoas <> s>
(}'I;), A high field single transition ;x&.@ﬁ MHz:
Y
6.  lino> <7 > lanas
The ;1h(>v§ states represent Je” spin state, d spin state >, The following table summarizes
the state populations and maximum attainable values of polarization for all ;w<>;;i’lwlc

transition combinations. For maximum polurization to be obtained. the RE s nching must

be done in the order PT(E), MT(F), GT(+). The + sign represents RE on or off,

TR SNilee N g SR ] ]
Beam Pulse No. RE Transition Ny NoNg Protmax Poo)imax

PT MT  GT

I ; - 4 173 0 F N6 C N2
2 . ] 4 i 237 0 N6 C A2
3 -y 47 173 0 273 P 1N6 SN2

4 ' b 4 0 13 213 - IN6 SN2



!

Beam Pulse Nooo RE Transiton N, "N Ny SRITRITY (P.»“).”:n
ProOMT O GT
S | V3 1313 0 0
6 Vo 0 23 13 216 0
7 : ; : 23013 200 0
8 . . /3 13 213 0 0

Note that the maximum possible values polarization shown here do not correspond to the
theoretical maximums. The available RE transitions do not allow the maximum values 1o
be achieved.

For this experiment, four of the cight possible polarization modes were to be pulsed
conseeutively as the deuteron beam was operated. H the cross section for beam pulse iis
denoted by Gi((‘)>, the cross section expression 11-5 ¢) b'ccomcs:

Gl<())/60((‘)) =14 z‘\,i\f”l 1P T cos(9)
peg D LT/ 2 NI, c08(20) | 16
Where € - -1y, £; 1 f"ﬁxi 1,2 . und £, -lfori 34, /(ls;) defined for reasons
tobeseenis €, - 1 fori - 1.4 and Coi - -1 forn - 23
Note thut it is possible to find the unpolarized cross section by the following:
(%0 o 4.
Consider the combination
(¥, e50:)/ o, -7
= 4Py [Ty/2 1 V32T ,c00(20))
2\2 P Ayy'
[tis clear that the cartesian analyzing tensors are casily determined by measuring cross
section as a function of beam polarization mode. If the cross sections are known as a

function of ¢ and beam polarization mode, the above relation gives a straight line in



costlon and from the stope and intercept of the hine 1), and 1, ey be determined,
Sl

(¥, ry0,) o, S

[ |

!

N2 T cos(d)

/1M
N3 p /\y

Alsoin this case, knowing the ¢ (l;‘pcn(ivnu' makes it passible 1o determine 1l Bomthe
\]u;;c ofthis Tine A convenientrelation involves a similur Cxpression ;
( :“1 Ymﬂi )/ (7() 0 119
The next chapter-deals with the experiments and experimentl bhiln\uphicx considered
N carrving out these measurements,

2. Reaction Efficiency and Figure of Merit

When searching for 4 reaction analyzer at a certain energy as in the deuteron scattering
dealt with in this work, it must be ensured that the FCACtion Cross section is sufficiently
large that cnough data may be obtained in 4 reasonghle amount of time. As the turget
thickness also influences the reaction rate, the efficiency € of o scuttdring reaction 1s gig/cn
by the product (>flthc target thickness ¢ (nuclei/em?) and the differential cross section
(¢cm?) for the reaction atthat scattering angle. When considering a reaction where 4 range
of scattering angle is used the cfficiency clearly becomes

e - eliolae), a0 1-10
where dQ - 21 «in(0) d,

The figure of meritis a quantity which gives some representation as to the accuricy in
which an initial polarization may be measured from a given scattering cxpcrirm'rntv. Upon
mtegration of equation -5 b) over &, a relation for the number of particles reacting as a

N

function of 8 may be found:



N(OY  ONG(O) (e >‘)

LU

Where Njis the number of particles reacting i the unpolanzed case Rewrrangeing the

above equation and differentiating, the crrorin t, is fonnd to be
Aty 11, (0) VN,

assuming the product €, 70, (0) 18 small Howeser N, I8 also viven by

N e N

0 '\lll(' ¢ t

ne
Nine s the number of particles incident on the tueet. This leads to the definition of the

figure of merit tor T ata given angle ©:

N ! vy
Fo A ST

The error in th then becomes

Aty I/ F, VN

20 mne.

- / ; : ' - N
Fhe value YNy o for this purpose may be treated as a constant andSmade as large as
4

possible. Notice that Aty is inversely proportional to the figure of mert. This relation
demonstrates the necessity for large Fag- 1 the vadue is to be calculated for a range of 0 a
simple intessaion is performed:

el dalaq) Ty dw | 111

Stmilar calculations are done to find the other qu's.



"
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Figure II-1: Possible oricntations of spin projection for spin 1 particles
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Chapter TIT - Experimental Methods and Analyses

Experiments to measure cartesian analyzing powers (Ay,Ayy) and spherical analyzing
powers (iT , Ty and T,,) were curr‘icd out scpzn"zncly at ILNS over the course of
1983.84. The A's were determined f&”OO 400, and 700 MeV tensor polarized deuterons
on targets of. *0Ca, S8Ni, zmd‘_”‘() using the SPES T magnetic spectrometer. These
cartesian analyzing powers were determined for the elastic scattering off cach nucleus, and
inelastic :sczltlcring (2* state ) off 5*"Ni. The tensor analyzing powers were measured for
| 191 and 395 MeV poldrucd dunuons incident on targets of °Li, 12C, 8Nj, 207pp, ZH,
and TH. Thc scattering for tifese measurements was mchmvc and the experiment utilized

the "radiography device™. FifurgJ1I-1 shows a layout of the experimental famlny at LNS

including SPES 1 and the rddlcwr phy area. T he cmphasls of this chdpt&.r is on the details |
and analysis of the run in June 1984 which utilized the rddlogrdphy d(,\«'lCC‘ Brief
descriptions of the oth_cr experimental runs and their analyses are also found in this
| chapter. '
For cach of the above experinients, the polarized beam was produced in the atomic
beam source "Hyperion®. The source produces a 385 keV beam, which is accelerated to 10
MeV in a hinae, then injected into the Saturne synchrotron ring. Hyperion is capable of
producing a beam which is aprroximately 2% tensor polarized and nearly 100% vector
\ :
polarized. The valués of (pl())max and (pjo)max for these cxpcrimcnts'h’ave been
determined to be 0.394 and 0.581 'rcspcctivcly. This measurement was done at 385 keV
using a low energy bolarimctcr which 1s descri bcdl in Chapter V. Studies [5‘] have shown

® . . . . . P -
that the depolarization effects during the subsequent acceleration are negligible. For more

-information on the polarized deuteron source see Reference 16].

<3
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1. "The Radiography Experiment - June 1984

a). Method

The rudi(;gruphy device was dcsigncd‘( by 4 group at LNS primarily for use n
tomography. Presented insthis work are some aspects of the cemponents of the system and
system operating modes, however for greater detail see reference [2]. The device is a
combination of wire chambers and plastic scinti]lzuofs setin the C‘onfigumlion of Figure
1I-2, .

Front end-wire chambers WC1 and W(C2 have x and y planes of 160 wires cach,
Thewire spacing is 1.27 mm and the resolution for cach plane 1s 0.635 mm. Chambers
WC3 und WC4 also have x and y planes of 512 wires cach. Here the wire spacing 1§ 2 mm‘

and the position resolution for each plane is 1.5 mm: In cach chamber the £4s mixture is

- 35% cthane and 65% argon. The wire chambers give particle trajectory coordinates which

are of course essential in determining the cross section 6 and ¢ dependence. Raytracing

procedures which determine the origin of the scattered particle within the target are also

employed in order to climinate particles which have undergone excessive multiple
- . . .

scattering. This will be discussed in detail in the following scction.

Iron absorbers of variable thickness were available for the purpose of chiminating data

. contaminating protons produced from deuteron breakup. The range of 100 MeV protons in

iron 1s 1.42 cm. and the range of 200 MeV deuterons is approximately twice this. At
incident deuteron energies of 200 MeV sheets of iron 1.5 cm or 1.8 c¢m thick were placed
between WC4 ‘and S3 for certain runs depending upon on line results. This would have the
effect of Cmting out breakup protons and reducing IHc deuteron energy to about 110 MeV.
The ru}ﬁgc data is obtained from Reference [8]. Note that the dcgrudati(m_ bf the deuteron
cnergy occurs after the sczittcring and therefore has‘no effect on determination of the

analyzing powers. Similarly for the 400 McV run a 5.5 cm thick sheet of-iron was

s
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avarlable. The range of 200 MeV protoris mn iron is 4.7 cm. und)dculm‘uns passing through
the absorber will exit with an cncrgyvo!‘ about 240 MeV. Itis also important to note that the
absorber is located downstream of the wire e‘}uiﬁllwcr‘s so that multiple scattering which has
ogci'u‘cd in the iron is not significant to position measurements,

Scintllators ST and S2 are 5 mm thick and cach of $3.84 and S5 are 10 mm thick,
Mulaple scattering through the apparatus upstream of WC4, and the position resolution of
the wire chambers are bbﬁl expected to have 'ncg]‘igiblc contributions to the crror in the
analyzing powers compared to the statistical errors in the experiment.

The purts of the system not designed by the Saélay group are the four large plastic
scintilltors (denoted " Alberta detectors” in Figure 111-2) at the downstream end of the
arrangement. Each NE 102 s‘cimil»lutor block 1y cg’mplca to two RCA 4522 5"
ﬁlmmmu]tip]ic_r tubes and set in a metal housing. Thé solid angle cuv‘cf'cd by all four
detectors addvcd up to 0.5125% of the total solid angle or 0.0644 steradians and the
positions of these detectors are illustrated in Figure -3, The scintillators were used for
energy determination, and were calibrated relative to cach other by adjusting the 2
"associutcbd photomultiplier voltages V1 and V2 for cach scintillator, Thc calibration was
done such that for a *9Sr source ¢ 2.27 MeV f3) set on the surface of the counter, the
phototube gains were made constant. Figure 11-4 shows the calibration curves for the
Alberta dctccmrs..'rhc energy TCSO]‘UIIL(H] of these scaintillators is ufmut 3%. A typical
energy spectrum for 191 MeV deuterons is shown in Figure II-5. The detectors are
denoted D (‘droit), G (gauche), B (bu‘s), and H (haut), for rigﬁt,lcﬂ,botimﬁ, and top
positions. The photomultiplicr voltages are denoted D1, D2, Gl, ('}12, cte. The output |
signals from cach pho((’)mu]tip]ic;r' tube are added, sent to an ADC, then to the Saclay
designed electronic signal prnccssing system | 7).

The clectronics trigger utilizes some or all of the plastic seintillators. It is possible to

include or exclude the Albeta detectors in the triggering mode. In either case trigger



uqmun ents were comcidence between ST, 82, S3 or S4. and not SS.

'

b). Analysis

e

Software for data acquisition and-analysis for the radio cx‘;‘wcf'ir'hcnt'&{m W r'v!'lciﬁ»'v the
group at Suclay. The computer used was @ machine designed and bmll hv l)l’h \/\H‘ of
Qdcld) known as the S‘uglhu d'Acquisition Rapide (SAR). This (umputu is a rel m\dy
fast unit having a cycle time of 280 nS. which makes for more efficient data aquisiton and |
. processing. The data acquisition soﬁw;llrc wils wriltcn‘in machine language for use on the
SAR. During cach beampulse data events were accumulated in block memory in the form
of a scaler block of 13 words followed by,an event block of an undetermined number of
words. Between beam bursts these data were transfered to the SAR and  then on to
Muagnetic tape. The scaler and event hl(?c‘ks are processed by the analyzing software cither,
on or off line as described in the Ml(wvir]g text. Further information on the data

acquisition system and methodology is given in Reference [7).

The main program for the off line analysis, refered to here as "FORDEP", was also

written in machine lunguage for use on the SAR. The on line analysis 1s similar to the off
line analysis zmd\hwil] not be discussed in lh‘is work.The nmin.function. of FORDEP is to
read the blocks on the data tapes and control the calling of Fortran subroutines which
process the data. Immediately uf(cr FORDEP rcuﬁs the first scaler block, the subroutine
"SUBECH" is called. This muﬁnu xamines the xm]us and decides whether to use the
fo]lowing'cvcnt\,vblock or not, busc:d‘ upon several tests and.comparisons made. The
pertinent scalers from the scaler block are:

. run number

- beam pol;ifil:xti(m state = 1

- number of energy words from Alberta detectors



- S182 coincidence - S1S2
- S1 .82 accidental coincidence = SI1S2AC

number of events which satisfty trigger requirements - NTR
- number of events read by electronies after dead time —~ NATM
- number of events rejected by electronics
- number of events aceepted by electronics

- number of events passed to the SAR

The first test is to see if the run number on the tape matches the run number expected. The
next tests check that the trigger rate is not t0o gredt nor too low, and that the electronics
dead time, TM (temps mort), is not too large. TM is calculated by dividing the number of

events which satisfy the trigger requirements by the number of cvcms‘actual]y processed
by the clectronics. Further chécks include testing to ensure that the beam polarization is;
correct. If & scaler block passes all these tests, scalers recording number of accepted cvcntsl
are incremented, z'md control returns to FORDEP: If one of these Icgs.‘fuils, a certain scaler
refering to that test.is incremented by 1 immediately after the test is failed, and control
returns to FORDEP.

If FORDEP finds that the previous scaler block has passed all the tests, the following
event block is read and the event processing routine "ISABELLE" ls called to us; the data
from that event block. ISABEILE is Ca]léd once per event in the event block and
manipulates the event data only once each time it is called. If the previous scaler block has
not passed all the tests, the next event black is read but ISABELLE is not called. Reading
the next scaler block continues the cycle. |

The function of ISABELLE is to increment hislograrﬁs of certain parameters determined
from data which has been read from the event block. The parameters are related to

positions of the trajectories of incident and scattered particles und are determined from
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raytracing procedures. Since this particular experiment deals with deuteron nucleus
scattering only one particle, the deuteron, is expected to be dct'cctcd at the rear wire
chambers. The first parameter, DDM. is the value of the shortest distance between incident
and scatiered particle trajectories. This value gives a representiation of the total multiple
scattering incurred by the incident and scattered particles. Using the unprocessed wire
chamber coordinates to find the actual wire chamber coordinates. 1DDM may be calculated.
When calculating the actual coordinates from the raw values, corrections are made only for
the physical offsets of the wire chambers. The actual wire chamber coordinates are used to
find the partial derivatives of x and y with respect to z for incident and scattered particles.
These derivatives are used along with the wire chamber coordinates to find the x and y
values of the particle trajectories at the target plane z = 0. Simple analytic geometry then -
combines all of this information to find DIDM. Once this value is calcutated, histograms of
itare incremented and a Compuri‘son between this value and a maximum acceptable value

“for multiple scattering is made. For this analysis the maximum acceptable value of DDM

wdas 4 mm.

The midpoint of the segment DDM is then calculated and the three di‘mcnsi(ms of
position within the target where the scattering took place are determined. H.istograms of
these positions are also incremented. Comparisons with minimum values and muximurﬁ
vilues are then made. ;I‘hc final histograms produced are the number of events o(curing as
functions of the scattering angles 6 and ¢. ' e

The final segment of thc'submutine ISABELLE incrcmcnté onecellof a3 din_m:rnsional
array A, whj'(_:h.is the array which makes calculation of the analyzing powers feasible. In

Chapter IT itswas shown that if the relative cross sections for scattering for different

polarizations 'were known as @ function of ¢, analyzing powers could be determined. If the
360 7 of ¢ are divided into equal segments (bins , graphs of relative cross sections versus
e divid 1 i

may be plotied in order to determine the ¢ dependence for different angles of . For this
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run o was divided into 107 bins and 0 was divided into 4° bins. The dimensions of A are

\
i

polarization mode 1, 0 bin, and ¢ bin. Only events which are not cut but by c‘mnp;lms.ons
made throughout ISABELLE actually increment A, After this segmentis complete, control
returns o FORDEP.,

After the histograms are produced, it is possible to reset the comparason values if
necessary and rerun through FORDEP, SUBECH, and ISABELLE.

Onee all the events in every c.vcnl block are read, FORDIEP then may call the
subroutine DEPOU which is the actual analyzing routine that c’ulcul;ttcs the analyzing
powers. As well as manipulating the data in array A in order to calculate the analyzing
powers, this subroutine also summarizes information such as run number, scalers from
SUBECH. and where the histogram cuts have been placed.

.

In order to determine the analyzing powers some simple preliminary calculations must
be done. Flrstis the calculation of the total SIS2 coincidence rate for real events which
requires subtracting the accidentals rut.c from the measured S1S2 coincidence. The
calculation of total electronics dead time T™M follows. In order l(\)ynnrmali//c the calculations
to account for systematic asymmetrics in electronics dead time or accidentals rate a; a
function of beam polarization, the constant F; 1s determinied for each polarization mode. It
15 defined as:

Fi = (S182) (N'I‘Ri) /4 (IM) ( N/\'I‘Mi'\)‘f'ﬁ'IS% - SIS2ZAC]

“where the cubscripted variables refer to the the value of that variable for polarization mode
i (recalli = 1 -4y, This constant is designed to remove systematic errors as a function of
polarization mode, and 1s used in suh@qucnt calculations.

Since cross sections for different polarization modes are nof directly measured, relative
numbers of counts (normalized) for cach state are used to find the necessary ratios. The

following ratios are defined:

Ry = % eiFiNi /¥ 5N -1
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t e refers to the constant as detined for cquation 6, and o vt or 0.
So o/

Rv ‘ 12.229 'l‘” COS(O), /
Ry 232407, /2 0 N3 T, cosZon),
and R 0. /

The ratios R und their crrur\//fu'c then catenlated for cach o bin. Note that the utilization
ot 10 0 bins was shown to'be optimum by the ILNS 3:1«@;5 before the run. Once R and

al . . . . v .
AR are caleulated, 3= linear regression s implemented to caleulate the slope and mntereept

of Ry, and Ry in order to determine the 'I'i]-'s. The hinear regression uses the average value
B /

ol cos(0) or cos(20) for a 6 bin as the x coordinate 1o be plotted for that particular ¢ bin.
The errors in Tii are ‘dclcrmincd as well as the correlation of the errors in Ty and T,y The
3 ? value s also calculited for cach 'I‘i.]v to determine the closencess of fit. The procedure for
doing these calculations iy dcmuns.lmml in Appendix 5.

The determination of the Tij's was done sqw;n‘;nclyy for cach 6 bin. The number of |
counts are recorded as a function of Gfor cach bin. A weighted average of counts 1s taken
inorder to determine the best ‘vuluc of 8 for that bin. ,

A separate analysis utilized the data from the Alberta detectors tn order (o dttempt to
select elastic scattering events. The detectors, Tocated at ¢ 0,907 180°, and 2707,
occupied the ¢ range of +12° on either side of these posttions. They were Tocated in the ©
segment between approximately 17% and 28" This analysis used the same method as in the

4 .
inclusive scattering, however the detector positioning allows calculation of the analyzing
powers using only four ¢ bins' The data from these vcncrgy counters was used to form
energy spectra for the reactons. After formation of these histograms, windows which
included the clczxs‘tic_ peak were selected. The data which fell within the windows was then

used for the analysis. No compensation was made for inelastic events which were

accumulated in the selected region, The amount of data recorded was limited by the
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relatively small solid angle occupred by the Alberta detectors, and s also presented

Chapter 1V,
2. The SPES T Foxperiment

a). Expernimental Method

This experiment was performed in onder o determine the cartesian tensor analy zing
powers and differential cross sections for deuteron scattering off the forementioned nucler.
The spectrometer has a solid angle acceptance of 3 msr, and can move over an angular
field from 6 0" (o 80", It will dgecepta maximum momentum of 2.3 GeV, and analyze a
range of momentum Ap/p o aa The dispersion for a momentum range Aplp 166 s
L5 em. The momentum resolution of the machine is 0.7 x 10 1A schematic (»f‘ the SPES
hne is shown in Figure H1-6. For further details on SPES T see Rcfcrcﬁcc [9].

The Tack of ability of SPES T to measure 6 dependence s why spherical analyzing
powers cannot be measured. However as seen from the relations in Appendix 20t s
possible to measure values proportional to i'l‘” cos(¢) and | '1'2(/2 v Van T,,¢08(2¢)]

( proportional to A

o -0

y and /\yy ) for a constant value of ¢. In the case of this experiment,

In order to monitor the beam mtensity as a functipn of energy, polurization mode, or
iny other fuctor, a monitor known as M1 is used. This monitor 18 a \g‘@l]ti]l;tl}vr placed atan
appropriate angle above, and facing the target. Ttas absolutely calibrated by doing arun
with a '*C disk placed in the beam upstream of the target for a measured leneth of time,
QAﬁcr this short run, ' production in the target s measured thr(:ngh the M'C position
decay. The cross section of the IZ("(d,”(‘)X reaction is well known, therefore the beam

mtensity may be calenlated.
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by Anglyears

Again for this ¢vpenmment the daty acquistion software was written by the LNS proup
foruse on the SAR. Only the method of processing the row dati into ill];ll_\‘/,ing powers
and cross sections will be outlined here. The same software wis used inanalyzing the
claste scattering data as was used in the analysis of the 20 state.

The analysis begins by accumulating the datiin several histograms for cach of the 4
different polurization modes. The histograms include time of flight (TOF), scattering
angle, and momentum. There are selection windows within the software with cause the
noninclusion-of certain data in the momentum histograms 1 the data falls inan unselected
rcgifon in the other 2 histograms. For example if the TOF window falls over a certain
region, when the data tape is read by the software, the counts which fall in the TOF
window will not increment the mnmcnmm.hi_xm'grum: The opposite is true for the
scattering angle window. This implics that the data tapes should be read once to set the
windows and once to accumulate the momcntu& histograms.

;Once the momentum histograps are accumulated the actual determination of the
analyzing powers may commence. As done several times to this, point, combinations of the
normalized number of counts must be added in the presenbed manner to find the values of
the appropriate tensors. 0

Normalization of the number of counts is done by the following calculation:

.
Ny N T™M My eor
where
MICOT = M1 /(1 egu e B)
alsorgyand £ are the vector and tensor polarization constants as given in cquation 11-6.
Determination of dead time T™M for cach polarization mode is calculated in the NS

software from electronics dead time. Ml]- 1s the time normalized M1 monitor count for

beam polarization i, and M1,COT i the corrected value of the M1 monitor reading due to
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citects onthis monitor due 1o beam polarization. The values of o and [} e dependent
upon target and beam cocerey, and were determined by 4 group from L'Institut des
Sciences Nucleaires, Grenoble, Prance.

The quantity Noin the above expression is the raw number of counts for polarization
mode 1 This number is found by counting the number of counts in the peak of interest on
the momentum histogram. This is casily accomplished for elustic scattering or any of the
st few excited states from the availuble softw are. Fraure -7 shows an example of the
momentum histograms and the selection window. Tt is elear that the high resolution of the
spectrometer leaves no room for ambiguity in separating the peaks of any given state.

Given the maximum available beam polanzations, »

Ayy = 2434 XN/ XNy

SR O72Y. ¢ NS/ YN
Ay 072X e Ny XN
In order to determine the differential cross section, the following relationship is used:

doydO) = 15N TM 7 MIEOT] 130/AG] [2.71/A8] [JAC /4 dO TGT CAL]

where 1/ ]T30/A¢1 [2.71/A0] - fraction of available solid angle used
dC2/ [130/A0] [2.71/A0] = solid angle used.
TGT = target thickness (nuclei / ¢m? ) ‘
CAL - relationship between 1 count from M1 and no. of particles

(from 12C(d,11C)X calibration)

JAC —AQL(0) 1AL (0)

3. The Rudiography Experiment - November 1983

a). Experimental Method

This run was the first attempt to measure spherical tensor analvzing powers at NS,
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The apparatus used in this run was simabar 1o the tun of JTune 1984, however the one
difference i the setup was that the tareet was placed closer 1o e Tarpe wire chambers
L
WS and WO This ditference allowed Targer scatiering aneles to be measured for the dd
and dp scattermg. For dp or dd scattering it s necessary 1o meastre both seattered and
recorl particles. The read out clectronics hive been designed such that when two particle
tajectories fall within a 32 mm wide read ot section, only one particle will be seens A
. .
seen m the next section, this fact implies that some metticiencies will occur at angles of

o 0,907, 1807, and 270"

The Alberta energy detectors were absent for this run.

b). Analysis

The analysis for this run was also very similar to Il]C analysis of the June 1984 run. The
difference between the analyses of the two runs was that for dd and dp \c;mcrir;g the
requirement of coplanarity of incident, scattered, and recoil particles was incorporated.
When only one particle was detected, the event was rejected. The inability to detect 2
particles near ¢ - 07, 907, 1807, and 270°, resulted in any good events in these regions
being rejected. |

16" was the maximum acceptable value that the scaftered and recodl pl;m‘cs could make
with cach other. The angular bin sizes were set wt 8 8 for dd scattermmg, and 6 127 for
dp scattering. The ¢ bins were 10°.

The kinematical angular correlation is necessary for the identification of clistncally
scattered deuterons and protons, however at 30°, deuterons and protons cannot be
distinguished. This reselts in‘;m ambiguity between & and & + . This ambicuity renders
deternmation of 1T, impossible, however has no effect on caleulation of the tensor

analyzing powers.

Background due to carbon content in the CH, and CD, targets, and deuteron breakup
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were subtracted from each 6 and-6 bin for cach beam polarization. Estimated backgroud
‘»
was 2 - 15% for dp scattering and 10 -.30% for the dd case.
A ‘
24
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Chapter IV - Experimental Results
1. The Radiography Experiment - June 1984

Presented here are the results of the deuteron nucleus scattering, ‘These results are
slnﬁxn i Figures IV-110 [V-15 for 191 MeV and 395 MeV mcident deuteron cncrgy with
and without the iron absorber in position.

Forthe 191 MeV case the analyzing powers clearly increased with the inclusion of the

Y

ron absorber. In the case where the 1.5 and 1.8 ¢m slabs where used, the Targest values

B

where found for the thicker slabs. 'I‘h;‘ absorber decreases the count rate, and this is
reflected in larger statistical errory for_thi:s_cncrgy. In ;omc of the graphs the error bars are
increased by nearly a factor of 2. The vu:iués of 1T, are also n general greater than the
values of T,yor T,,. As a measure of the goodness of fit for the lincar regression
performed, the x° values for the measured analyzing powers values were calculated and
found to be between 0.3 and 2.5 . The small amount of data for the spherical tensor
analyzing powers for the elastic channel is plollcd in lhc cases of Ni.Li, and Pb at 191
MeV. The values of all the analyzing powers are significantly larger for the elastic
channels. For all the nuclei tested, the T, values proved to be too smul] to be a vilible
choice for an analyzer. The largest F, values found are for SNi or 1°C which are the
order of 103, The vector analyzing powers however were relatively Targe for carbon and
nickel, and they could be used as a deuteron vector polarimeter target.

For the case of 395 MeV incident deuterons, the inclusion of the iron absorber had a
sjmi]ar effect on the analyzing powers as in the lower energy case. However for this
energy the error bars are smaller for the run.s with the absorber due to the thicker target
used, and the longer running lim'c: 'I‘hc\‘XA2 A\u'lailrucs for cﬂz.i]'culzilioins at this energy ranged

from 0.3 to 2. The values of T,y and T,, were generally greater for this energy than for

39
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the 191 MeV case. The correlations of the errors of 1y, and T, were Jess than 0.1
2. The SPES T Experiment

The cartestan analyvzing powers and the cross sections ford - Niinelistic scattergig for
the 26 state at 200,400, and 700 MeV oare shown in Figures 1V 16 10 1V 24 The errrors
for the anadyzing powers are Targe, however definite structure is observed. The structure in
the cross sections and analy zing powers is very similar to the elastic scattering data . The
clastic scatiering data for **Ni, 0, and *°Ca may be found in references [10) and [11].

For the d-nucleus scattering discussed in this chapter, it is important to note that when

i

comparing the values of V2 [T5,/2 N2 T, ) o Ay and 1293 T, to Ay as in

Yy g y
Appendix 2, the tensor analy zing powers from elastic scatiering must be used. As opposed

to the inclusive data, the small amount of data for the spherical analyzing powers from

elastic scattering is found to agree with the cartesian analyzing powers found from SPES 1.

3. The Radiogruphy Experiment - November 1983
.
Presented in Figures 1V-25 1o 1V-26 are the usymmclrig.\ for dd scattering, The
analyzing power Ty 1s small forthe 191 MeV energy case, but appears to appreciable for
(Hc higher energy measurements. Ty, and 1T | are relatively small for cither case. The
statistics here are poor, particularly in the 395 MeV case. The 2 values for the fits are
between 1 and 3.5 .
Figure 1V-27 illuslrﬁtcs the results for dp elastic scattering at 191 MeV. The tensor
analyzing- power T, dips down to about -0.6 and is always negative between 85 and 148°
in the center of momentum frame. Figure 1V-29 shows the cross section for the dp reaction

m this angular range. Using equation 11-11 and numerical integration, the figure of ment
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for T, i determinedto be 2 x 107 ¢m e Equation 1110 pives a conservative estimate

\

of the efficiency at this energy o be 10 Yusing o liquid h.\'dru;tc;h target. The T, curve
is alwiys negative in the ri‘gziun of interest and appears only m\dip below 0.2 at about
IS0 The vector asymmetry values are Large as in most of the other fizures shown,
howeveritis noted that the negative lobe is shehtly outof phase with the T, curve.

For the 395 MV casethe crror bars are lln‘gcr thian for the Tower energy tests. The
values of 1T seem to be nearly unchanged, where the values of T, have increased
dramatically. Ty, seems to have shified in the positive sense, with a much less well

defined region of passible interest. These curves dre shown in Figure 1V-28,
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Chapter vV - Deuteron Fensog® Polarimeters . .
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In this chapter mlm ~l\pu1\ (,ﬁ 1(,“ L‘TL@I&V (‘kulahm p(q mmt‘ﬂ” 4 a\\cll %lh“

\ .

medivm energy P“I “l”k ter umuuhx i‘h:wslly uf x\lhmm wr’ll?‘:

,.y

be (h\ul\\ul A plutqumlc m H\\&qdc\x;r_n 0(
. i ,a

L

i 5 hmumu N dn undu\r m(hnu of

, W v

&

«l't;L:d d:l(&l‘ This topicis the .

v

| it \r
As shown in C ha% o

"“. 5 .
B for

phinned to measure ’171 by rot: mnw {,}m b%dm pol,m/duon axis) u;q.mwmnc ficld such that

@y

the t,; component s n(m/gro IfBis chosen &uch‘"lhdt RL(L,]) 15 n(»n/LrO the termewhich P
& . R

4

t L F g
contains T21 in the cross section expression -5 ;1)\'%’&0‘5 3

@

then becomes feasible. . '
'he method of determining initial beam polarization beging with the most general

CTOSS section expression:

71 .



o(0.0)  oy(0) {10 2T (0) Reit )
3 .
A h

IS g Tag(0) 21, (0) Relt, ) 21, (0)Reqt, )

t

I the detector used is rotated at an angle O about the 2 v, heeping the incident beam

polarization fixed 1 space. the 'kq will be changed. With respect 1o the reaction plane, the
spin system s rotated about the 2 axis by &, the 'kq are transtormed to ?k'qh}' the

a
following:

‘kq qu ¢ 1@

W
Upon substitution into the cross section equation, this feads (o
i
o(0.0) o (0){1v 24T ,,(0) cos(®) + Tag T (8) @
! 2‘t21'r2,(0) SINEO) 2T12T21(()) ‘cos(2¢)} ‘ £

In & particulur 6 bin, the numbeg of counts will follow the angular distribution
f0) - (A2m)( 1+ 2%, T cos(@) + T3, Ty,
+ 275, Ty sin(o) 215, T, cos29) ),
where A s assumed to be constant, Since the axis of polarization is at an zu'bilru‘ry
azimuthal angle, the phase ¢ must be incorporated in the above cqulm(gnz
f0) = [A2r][ 1+ 24T, cos( - dg) + To0T,
F2T Ty sin(d - 00) +,21,,T5; cos(2(0 - 6) )]
Use trignometric identitics to arrive at the following:
f(0) = [1/2n] [A + ©OA + AA cos(d) + BA sin(0) -
P UA col9) - TA sin2(0) + = A sin(®) con(0)]
The new constants are defined as:
| , G- TZOTQ(;
A QFT) cos(0) - 2, Ty, sin(oy) )
B - (2%,,T, sin(d) + 2T21T21 cos(0y) ) -
= 21,1y, cos(29,)

Z o 4t,,T,, sin(29,)
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The next step in the procedure involves caleulating several integrals of f(¢) with
A ‘
various trignometric factors, then comparing them to equivalent sums of counts from the ¢

bins in the polarimeter: |

Jo¥ @) d0 = Ty 1 = A (14 ©) = N, the total number of;cougts in (R
purticular 8 bin | - 7 |
IR @) o) do = Tl cos®) - AAR o vay
L @sin®) 60 = Toysing) = A2 V-10)
Jo%® 16) cos2(9) do = Ty cos6) = [2(@ + 1)+ T A /4 CVeld)
Jo2 f(9) sin*(9) do =%, vSi(9) = [2(0+1) - r]’A“"/é‘* ’ V-le)
o @) COS@) SIn(6) 40 = T cos() sin(@) = A S8 o vap

L

In‘ed scattering where thc clectron 1s unpolatized, when only one photon exchange is. .

K 2

‘ mvolved it, 1118 1dent1cally zero, and the COﬂSldntS become:

o

= 10To e V-2 a)
A= 121,y sin(y) © V2 b)
B~ 271,Ty coslog) | | V2o
Fo= 21,T)) cos20) ~ V-2 d)
= - T se0e) - vag

The axis of quantization, &, 1s also oriented at some polar angle B’ relative to the -

beam direction. The tensor polarizations T20’ TZI, and T,, are not mdt,p(,ndgn[ an! e

-

I‘L]d(cd by relative populcmons of spm projections as seen in Chdptcr I1. ngusc Ci

Tzq may then be reduced futher in tn/rms of,B and a tcnsor pol»anzatlo‘n pzoz v

Tag.= Pyg [3cos?(B) - 1]/2 ' © V-3
T = V3 péo COS‘(B,'.)A sin(f') v
Tz;_ = s Pao sin?(P’) N v

. The unknown variables which rémain to be determined are Pag B, and o,
_ : remam to | 2 ,

o

<
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(‘omb’ining equations V-2 bi) and VZC) the value of &, 1s found to within a phase f;;clor
of m |
tan(o,) = -AA/AB o . - o
Combining cquations V-2 b), 2 d), 3, and 5, leads to the éxprcssidn for B"
n(p) = 2101 AINA]T,, sin(d) /- T,, Cos(2¢> )
‘ "Fo determine the final parameter Py, combine cquz‘rti(ms V-24),2b),3, and 4: -
pro = 2ANT[2V6 AG sin(B) cos(B) T, sin(oy) + AN Ty <3c053([5')'- 1]
The tensors polarizations are then casﬂ) found, however.due to the uncertainty in the

phase of OS, thc sign of T, will remain unknown .

. The above treatment has bccn done for only one 6 bin. To obtain the most statistics in .

ordgr to I'CdUCL the errors in the calculated poldnunons thc medSUI‘Lanlﬁ shou]d be taken

3 ; .
oveta B rcmon W'thh has rmsombly large Tzq Itis clcdr lhd[ as long as thp error bars on
o
a pdrtﬁcul‘dr ﬂet of qu values are rcldtlvdy constant, hdvmg greater. vglucs of T, q W will

rcdtlce the errors in ‘the. Cdlculatcd poldnzdtlons Therefore when calculdtmg the

polarizations, weighted sums are used in order that the regions- ¢ “largest T qvare"

rcprgscn(@ most, in an cffort to reduce SUCh errors. This simple method involves

. rednf"mng the above constdnts V-2 such Ihdt ' ) . 3
0 = 1, .. , L v
A = =21, sin(g) | V6 b)
B = 21, ‘COS((DIS) | S V6 c):*
I = 21, cos(20,) . V6 )
oz -4 ths sin;tf7¢ o) | o V-6 ¢)
, The sums V-1 must be calcul: ncd Gucﬁ that th¢ values of qu cm,\not tr(,at.cd as constams
| , qu:l - A /if @Tzo) = N, the total numbu of counts | .A
o Zey 'cos'((b) = AAT, 2 . | : 'V-7b) %‘%
Ny - ABTZ L vag
. i -

B
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Tey €08%(0) = 12Ty % 1) + Tyl A 4 vad)
Tey $in2(0) = [2(0 7T, + J)-I"I‘zzl/\/éi‘ V-Tey’
Fey COS(0) Sin(0) - A Z Ty, /8 Y v

Calculation of p,,. ', and Oy, 18 performed as in the manner demonstrated for a

single 6 bin.

2. Low Encrgy Deuteron Polarimeters
R

McdSLlFLantS of deuteron tensor polarization have been succcxsful]y carricd out at
lower energies usmg several (;{hgr analyzing reactions.”

For cxamp]c the low energy polarimeter at NS utih:/.cs the fcaction d(d.p)t at 380
kéV , for which the sherical tensor poﬂrimtion are known to an uncertainty of 6%. The
tdr‘net 15 d:.utprlum db\OI’de in titanium 1.8 mg/cm? thick Wthh 1s dgpomgd on 10.5
mg/cm? of aluminum foil. The ratio of dcutumm atoms 1o titanium atoms is 1 8

%)Recoil protons between 3 and 4 MeV are counted by surface barrier silicon detectors
at scattering zmgles of -120°,0°, and 120". Mecasurement of bcam. ICI]S(;F polarization
involves the usc of thc () duutor whgrc muzsurumnt of the vector polarization requires |
the £120° dut,ctors I'hc numbu of incident deuterons is determined by stoppmg the beam
In a Idr;DL[ foil backing which is clectrically isolated. Cﬂrrcnt from this foil is then
measured to. give the detteron flux. Considcring‘cquulions 11-6 and the ratio 'R[ of equation
I1I-1, at O° this ratio becomes: \

TRy = pyg Ty(07) 72

The value of TzO(O’")»hvas been measured to be -0.669 + 0.040, so the bcznﬁ “lensor

»

* polarization p,;, may then be readily determined. The uncertainty in this quantity is.a direct

 result of the unccrluiny'in,'I}O(O"). It is interesting to note that estimates [ 12] have shown

-
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values of Ty (120°) - -0.042 £ 0.010 and T,5(120°)  -0.053 + 0.015,
With the value of i'll‘] ((120%) = 0.175 £ 0.007, determination of véctnr polarization
Ppinvolves the following caleulation, again referring to equations 11-6 and -1

Ne, = N(1207); + N(120°);,, **

Npyy = N(120%); + N(-1207);

1422

N(8) is the normalized number of‘couhts in the detector at angle 6 for beam polarization 1.

o

And ‘ o

s

e

v [NCIN[)”/N l)l

Ry = L-1/LAT = N2 piT,,

In a xxmlldr energy range the reaction qHc(d p)ie hds. also been used successfully.
The fgst mc{hodﬁ of measuring dautgron sphulca] tensor pO]dﬂ/dIlon at2 - 9 MeV
' mv‘(l)Tved degrading the duuuon cncr;py to =430 keV [13] where a 83/2+ resonance
CexIsts. |
It was then shown by Grcu‘b]cr et. al. [14] that the sarﬁc rCuction may be Used to
IﬂL:SUI‘C thc cartesian tensor poldn/dtlons Qf deuterons of up to 15 MeV pmwde thg e
g4 density is high enough, /\t this hwhu energy the reaction cross section is much Iowcr
o .
and in order to keep the figure of merit at 4 rcumnab]c level it is ncccssgry to increase the
g?xs density. The measurement 6fthc Curtcsiun ahalyzing powers was donc»by placing: for
more detectors at certain I.wosmons around [hc agimuth of the systun Using this mcthod,

all of the cartesian asymmetries could bL measured. Once the dsymmunu are }\nown a

similar muhod is employed in order to duumlm initial beam pohmmtmm
"4

u

The *He(d,p)*He reaction has furthcr‘_ been shown to be opcrab]c in the energy
range from 20 to 27 MeV [15]. It has been used in a polarimeter which measures t,, for
recoil deuterons in ed elastic scattering in this energy range. This polarimeter consists of

front scintillation counters to monitor deuteron flux and rear scintillation counters to detect
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recorl protons exiting near 0°. There are also 2 front end wire chambers, and an cnergy
-, counter which is placed behind IhL; rcurﬂqinlilﬂﬂor. The axially symmetric energy counter
is com \osgd of 4 segments to momlor the L{ILCKS of other polariztion components. There is-
also a4 proton veto counter at the extreme rear of the appdaratus \’g]ich cuts out higher energy
protons from other sources, and a Ta dcutcrpn stopper before the rear scintillator which
climinates noninteracting deuterons.

Incident deuterons of cncréy between 20 and 27 MeV pass through the front end
. : ) M -
countefs und are energy degraded to approximately 6 MeV. In this analyzing reaction,

K3

T,,(0%) reaches alocal minimum of -1.3 at thns energy. The efficiency of this poldnmucr

reaches a maximum “of about 1.2 x 104 at 23 MeV, and has a figure of merit of

86x10°% T o ,

The obvious.problems of finding reactions with sut’ﬁciént]’y large cross sections‘zmd'
analyzing powcrs at energies greater than 27 McV are the limiting factors in thé\dcsign of
medium energy tensor poldrlmuer‘; There have been other d[leptb mddt at puformmg
the measurements on deuterons of 1151%760 MeV by degrading the incident energy,

2

howevcr this results in a mp)dly decreasing e@iciency. ’ .

f \
Measureinents of Sph(,ﬂ(d] tensor dndlyzm powus for dp scattering hayc been made
at the Indiana University Cyclotron Facility [16] at 80 MeV. These asy mmu;)cs are shown
in [ 1gure V-1. Note that the qu values seen at I”O reach a local minimum of” 0 6. ror~a’
\ p()lummc,tcr built-utilizing this reaction as a basis, at 80 MeV the cfficicncy would be
6 x 103 using a target 0.6 g/cm? thick, and would have 4 figure of merit for Ty, as large

as 3.2 x 102,

3. Medium Energy Deuteron Polarimeter
‘ )

.

The basis for the high efficicncy, mpdlum energy dummn polarimeter is the

u
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relatively lurge values of 'l‘:o for dp scattering between 80 and 191 MeV. As seen in the -
last chapter, the values of Ty, dips to -0.6 as is negative between 857 and 148° in the ¢.m.
frame. Kinematics of the d(p,p)d reaction show that in the lab frame, the corresponding:
deuteron scattering angles are between 257 and 30°. Possible scatiered deuteron energics

range from 40 MeV 1o 120 MeV. The recoil proton iy exit the reaction at angles between

16 and 46" with cnergics between 163 and 80 MeV. Figure V-2 is 4 table of dp

kinematics.
Itis also necessary lto use liquid hydmgcn for the po]urimctcr to have a high figure
of merit. Based on the estimated size of the deuteron beam spot from the ed scattering and
« . e

the range of 200 MeV deuterons in liquid hydrogen, the dimensions of the target are.to be-

10 em in diameter and 25 cm long. With these target dimensions it is possible that the

deuterons from the scattering may not have sufficient energy to exit the

Tt must cover as much. of [hL LnIII'L d/lmll[hd] dn“lc as possible, dnd bLIWLLn 16° and 46

RS

of the polar dng]c Itisin the lower region of thee dngks thdl the dum,ron may not gccapc
the target, and the proton 1s the sole particle to be duccud Because of. rwolullon
()n\lderUOﬂS and range limitations of thé low energy dulluons from the scattgrmg the
polarimeter must be LOﬂSthtLd such that-a n@mmum of mass exists buwccn the tdryt and
.th;c detecting apparatus. ‘ |
A calorimeter is to be incorporated into the polarimeter in.‘brdcr to determine the
energy ®f the scatiered particles. This energy mCdsurcant is necessary in to dLlcrmme
elastic scattering events, s well as to z}ﬁ;;s_t in reduction of errors in mcasurcd quamitics by
Kinematical overdeterminagtion. Acthin scintilliator placed before the cnergy courters is to be

%)

used-in dE/dx measurements for partiele identification in ambiguous kinematical

b
situations.
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) cvmts are shown in Figure, V- 4 Ihg
"“ % P
&hc de uluoﬂfé" dnd hd@ bcenx {1
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/ :

A Monte Carlo simulation of events from dp scattering in the polarimeter has been
carried out. The detailed design of the p(‘»la_ri.mcmr used !'yorwlhiﬁ simulation will not be -
discussed here, however some of the important results will Bc r;mlcd. The input parameters
for the pradgram are p;()» and 3",

Inmdam,l)g uteron energy of 120 McV with an um“) spread of 4 % was used with
the liquid hydmgcn target described above. The deuteron loses energy as it traverses the
target. In this energy region the cross section for the dp rulLll(m increases with decreasing

(&)
energy, l'hcrcl‘orc the muJme of the rcucli(ms‘occu‘r in the downstream region of the

target. Figure V-3 shows a plnt of dumron energy at tha suillumgp point. The anrglw of

the pdmc]gs kdvmz3 the target are (d]LUI'itLd from IhL }\mummcs and the pdrtl(‘]C S dre

tracked through the poldnmuu I)1 ' .@l suuumg ey LI’ITS dnd d” dL[L(.[Ld

for

drmus tdrwu msuldtmg ldym Cyllr)drlcal argon - I'Tiéthanc wi_rcvéh\ambcrs thc AE

(

' sunulldtor dnd the calonmuu Fmrgy loss stmgghng, and multxpk sC dttormg drc, tdkcn |

nto dLCOUﬂl for cach pdrt of the appdrdtu% . ! - co ’%’

Prellmnmry tests have chn pprformnd for 450 ()OO event run. In thxs slmul(mon pﬁO:

-;m@ B WCl’L set to 0. 80 and 75° TLSP(,(.[IV(,])/ ic analysis ;dee p,o - 0.828 ¢ 0.030,

and B' .= 73 1 +1.3° however in the od scattering experiment to be performed, the
statistics will be much more limiting than in this test. -

Inelastice scattumg events whlch are not: dctactdblc from thc FLC()Td&d }\mcm(mw

might ha\c the cffcct of raducmﬂ the analy/mg powers. Frgurc V-5 showx an, unr&y -

2

spectrum of the d(p, p)np Feaction at 80 MeV, and from this graph Ihc proportions of

elastic, mddst]c , and b]’ul}\llp uuns may be scen. Figure V 5 also glows the tensor

R

v

. ‘ %
analyzing powers for these dxf&rcnt kmematic regions. \*otL that. the dngj)/mgD powers for

Y FA ,‘ -

' ._”‘ L . ’ tf
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B ,ﬁ}’x\’?' Sl R
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i
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the inelastic events are of the same sign as that of elastic scatiering and are generally 50 1o
. . ¥
100 % of the elastic vatues. Henee inclusion of a small amount of inelastic scattering s

i

expected to have a small effect {17).

. .
Resolution in the azimuthal angle must be sufficient toseperate cos(d). cos(26), and

no cos(@Q) dependences. If the o binsize is the order of 10°, & resolution of 1° or 2° will be

agr e vy o B . B A B N
sufficient. This value is comparable to the multiple scattering expected fo ke place within
the polarimeter.

It must be noted that the relationships between the analyzing powers and the incident

deuteron energy have not yet been experimentally measured at all energies, however the

- energy dependence is expected to be’minimal. Upon réexamination of Figure V-1, it is

seen that the asymmetries are relatively unchanged from the 191 MeV case which is

justification for the assumption of small analyzing power encrgy dependence. Note also

that the ﬁlucs of the analyzing powers for the 395 MeV case are vcryk’ Cii(fcrcnt from the,
191 MCV»dilt;i,. Which suggests strong energy dependence somcwhc__rc ubovc 200 MeV,
Futher data. will be collected in order to completely investigate the cnc‘;gy dependence.
Ubon completion of construction and testing, the A]Bcna tigh Etficiency Deuteron
Polarimeter (AHED Pol;n‘imctcr)ixvill be taken to I.NS for calibration. The AHED
polrarimct'cr will ‘thcn be taken to the Bates Lincar Accelerator Center for t'hc cimtmn

deuteron scattering experiment to seperate the deuteron charge and quadrupole form

factors. - ' , '
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dop s> dp 200 MceV deuteron kinetic energy
Dguteron Proton

0 _cm, lub E_lab 6 lab
50 15.87 168.1 63.99
55. C17.34 161.9 61.42
60 18.79 155.3 58.86
65 - 20.19 148.4 56.31
70 21.54 141.2 53.77
75 22.84 133.7 51.23
80 . 2407 1261 4871
85 2523 1184 46.20
20 2631 1106 43.70
05 2728 1028 4120
100 2814 95.07 38,72
105 ©28.87 87.45 36.25
110 $29.44 80.02- 33.78
115 29.83 72.81 31.33
120 -+ 30.01 65.89 28.88
125 29.91}1 59.31 26.45
130 2957 5313 24.02
135 28.87 47.37 21.59
140 2776 42.11 19.18
145 26.20 37.36 16.77
150 24.13 33.17 14.36
155 21.48 29.57 11.96
160 18.22 26.58 09.56
165 14.35 2423 07.17
170 09.93 22.55 0478

Figure V-2:

d + p elastic scattering kinematics

>

E lab

31.94
38.12
44.70
51.62
58.83
66.27
73.88
81.61
89.41
97.20
104.9
112.6
120.0
127.2
134.1

140.7

146.9
152.6 "
157.9

1626

166.8
170.4
173.4
175.8
177.5
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:’*A,ppcndixi N R

14 Dt,uturon Prwkvn%x . | .. . A.;& . /
- mass o ’?‘ N S omy : 1875.587 Mev . o
spin~parityl' ) . m :1+
. binding éncrgy' ‘EB - ~2.225 MeV |
vvrﬁzign’ctic dipolc\momcnt Hg = 0.8574 NM +
elcc't;ic quadrupole moment Qg = 2t8‘60X 10_1?7 cm? ‘
‘2. Deuteron Form Factors * ' | ) \“;7
The reaction\gréss seciionwor ed scattering is g‘ivcn by: -
d?ﬂ = (doldQ)yory [A (@) + B(@) tan(6/2) | — o .
 Aa) =pFcHa) + 8nF,, (q)/9.+ 2MFy Q) 3 & R | |
B@) < 4n (1+ )R (@ /3 T
.' where .n (q/’?md 2o, a‘ndm‘ )
Fe(@ = [ Gp, + G, 1™ 2 ¥ + W2 }iotarr2) dr )

FQ(Q) ={2[Gp, +Gg,1/@®/9 m’ﬂ }4“’ z‘i’D(T)[ s(.f)
"Fy(@) =2[ Gpm, 4 Gp, | J°° Ly 2r) - b0/ 21 jolari2) dr

o)/ Jg 115(qri2) dr

. + [ G+ G 1 12 [ () Wp(r) 1 V2 - Wp2(0) 12 §y(qri2) dr
4 {30Gp, + Op, 112} = 2 200 Liy(ari2) + 3,(qr2) | dr
.. where W), W) ar'eldcutcron;;S and'D stétc wave fur\lctions
'GEb’ Gg,» GMp’ Gp,, are proten and neutron electric
and magnetic form factors. The are also functions of q.
; | J;(qr/2) are the sphcrica‘l Bessel functions A

. - o



Appendix 2

<

1. Relations between Cartesian and.Spherical Tensors

Tio = N312A, Ty o= (V3 /l’Z)(AxiiAyw)
Ty = AZZ/\/Z | Tos - 'i(—.l,/\/3 ) (Ax, i Ayz)
A = CINB (T, =Ty ) Ay = LR T, + T, ) b, = 023) Ty
Agx = V3 (Ty+Tyy) /2 T,o/N2 Ayy- = V3(Tp+ TZ‘:; )12 - TygN2
Axy = Ayx = TV3(Ty-Typ)2 -
Axz = A_zx - “13(T21 Ty, )/2?;
Ayz = Agy = iV3(Tpy 4 Tyy) 12 &
A, = V2T | | -/ | -~

2. Relations between Tensor Polarization and Deuteron Form Factors for ed Scattering

ot

o = - (8NP0 + 8NFCFo/3 + 2nF, 212 + (1 + 1) tn2(62)] /3} /42 C
L = 20 (x-7) FyyFgian(6/2) 742 ¢

Gy - M ETY3
[ where x = llp'lr"/md
‘b = incident electron moménfum
< B . - my : deuteron mass .
C -:\A_(,q) + B(g) tan*(6/2)
i | p B - scattering angle ‘
v

90



Appendix 3

- 1. Rotation of Spherical Tensors *
Rot‘ation of spherical tensors is accomplished using Wigner D‘—mutricés in 4 manner

analagous to the rotation of the spherical han'r‘umics.}'l‘hc trunsfofmzniqn of Pkq o a rotated
frame in which it bccor;lcs tkq,'is the folloMng llé]:
kg = g Pig Dgq®

. j‘lwc matrx D is given in terms of the Eulcr angles ©,3, and ¢:

quq(k)(Q,ﬁ,¢) = ¢190 ¢-igp dqvq(k2(¢)
where o . :

dqq ™) = Tp (1 (CUC ] [cos(6/2)12K4 420 [Lgin(or2)2n+a-q
- C,and Cé(n) are given by: |

Cp = [k+q) (k-q) (k+q) (k-q) V2
Cim = (k-q-m)l(k+q-n)!(n)!(g-q+n)!

In the case of transforming py , through angles B and ¢,
Do OB4 = (DAL dr @k« 1) 12 v, (Bo)
wheré Ykq are the spherical harmonics. The tkq become:

tkq(B:9) = Pro (HAL4m/ 2k + 1)1V Yy (Bo).

The case of ¢ = 180° rotation leads to the equations of Chapter 11

tog = 1

to = P1o cos(B)

it =p,g sin(B)c® /N2
- by = Py (3 cos?(B) —NI)/Z

Ly =-1 V32 Pag SIn(B) cos(B) ei?

= - V38 pyy sin?(p) el20

[

4
9



Appendix 4 .

1. Parity Conservation in the Determination of Reaction Cross Section

¥

As was stated in ‘Chapter I, the reaction cross section for deuteron elastic scattering

- may be written:

Conservation of parity requires the analyzing tesors to be invariant under 180° rotation

of the systern about n. As seen in the prcccc{ling appendix, spherical tensors transform as

e

follows:

- T D (K)o
Tkq = Xq' Tkq' Pqq .

For thxs 1807 o tlon
Ry .

™ = - ek 8! K
anc_j |

= 1 ] - k_q' l t
Tkq = Zq Ti-q (1) 3q q

Ty q (DK

i

- From the property of the spherical tensors

Tk q = (D9Ty B T T CA-41

, qu‘ milly be written

= CORICDAT g1
Smce qu = (- I)QTk qr
Tiq = (DT ' - | | o Ad2
From equations A-4.1 and A-4.2, the following relations may be found:
= (-1)0 Ty* - Too™* => Too rez.ll‘
Typ = (DI Ty = -T)p* ‘
Tio* = (DT = Tloﬂ =2 ‘TIO =0

92



21
Tp*= (D' Ty = T, =>
Ty = (P Ty* = Ty,
Tp*= (1T, =Ty, ke

Now the cross section may be written:

o(8) - 0y(6) Tyq g Tyq®

a(8)

+ 2 Re t), Re T,,(6) ]

This may also be written as in Chapter 1I:

T, = T,,, imavinar
1-1 11> Mdginary

T,y real

= () Zkq [ Re g Re Tyq - Im tyq Im Tyg !

a,(6) [1+ )Z‘Im t;; Im T, (8) + Re t,, Re T,(8) + 2 Re t,, Re T,,(8)

o(6) = og(8) [1+ 21 T, (B) Reity, + g Tpo(6) +2 T,,(6) Re,,

+2T,,(0) Re t,, ]

« !

Y



Appendix §

1. Calculation of Analyzing Powers using Least Squares Fit
The ratios of Chapter 111, Ry (0=0,v,1), are found using the method of least squares
demonstrated here. To obtain the analyzing powers from these ratios, they must be

»

multiplied by the appropriate constant. Recall the ratios
R(I = Sf(l/sf , where Sf(l = Xl t(li Fl Nl’ and Sf = ):l [1 Nl .
" The statistical 'c.rrors in these r;"uios are given by ' \
ARG = X[ (ORy /ON; )* AN} / |
where (ORq /ON;) = [€qi FiSp- FiSr 1782, and AN; = VN, |
Now _ ,
2 2.2 2g, 2 . F. AN ' ‘
ARy = LA F?SPE + Fi2Sg?-2 €i Fi® Sto 1/ S¢* 1N
= {Sp (S + Sie?) - 281 Sty Sy }/SfA
where sz = Zi Fiz Ni ar_]d sza = Zi Eai Fiz Ni' .
Since Sg, = R St
ARG = {Sp( S¢? fRaQ Sg?) - 287 Ra St }/Sf4
= { S (1+RL?) - 2R Spyee 1/ SF2
and finally o
ARy = { S (1+Ry2) - 2Ry Sy 112154 '
2 for Riis given by /
X = LR - (Agg + Ay cosi(20))] /18Ry ¥ where j refers (o the ¢ bin, and A,

A,, are constants proportional to T, and T,

The value of &2 must be minimized with respect to A, and A, :

¥

il

I20A,5 = 0

IX%0A,, = 0

i

Solving these equations gives

94
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CAa = (S Syt S S (S, S,2 -8, 8
Ar = (Sy-An SIS, » .
where S = Xj( 1 /ARU,Q ),

Sx = Zj(cos;(20) /ARU-Z) ,
Sxy = i ( R(j cos;(20)/ AR F ),
Si = Xj(cosM20) 1 AR ),
-Sxy = Zj ( Rtj /ARtf ) -
The statistical errors in- A, and A, are given by
(A Azq)2 = >:J- (éAzq/aR )2 ARtJ ,
and
AAyy = [S2/(S,S,2-S, 801",
AAy = [S,7(S,S,2- S, S
Thé correlation of errors of A, and A,, are given by the value EC:
= [170AAy) (A AT E} (FAL/IR ) (9A,)0R ) AR
The A2q are related to the Tzq by
Tao = 292 Ay Ip2g/(Podmax |, )

Ty, (23) Ags lpzol(on)max |

Il

The calculations for the vector part require the same procedure as for thesiensor

analyzing powers, however for R, the value of x° is given by

2 = % {IRyj- (Ay c08;(0) )] /AR5 2



