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Abstract: The stripping reaction (d,p) in deformed nuclei is usually trested
as a single—étéﬁlprocess;léading diréctly from the ground to thé producf state.
‘Thig_papérxadds'tofthé usual diréct'amplitudé'those othefs that proceed through
intermédiaté rotational states in the target and final nucleus. Thése highef
order‘processes introduce iarge.connéctions for fhé weaker sfates thet sometimes
alter the angular distribﬁtion and'change the mégnitude of the cross section by
up to a fathr of ten»br more. In using these reactions to determine the

amplitudes in thé.Nilsson wave functions for thevsingle'particle states in odd

nuclei, it is‘thereforé essential that these processes be taken into account.

[ —— » : - o v _ :
~ Work supported under the auspices of the U. S. Atomic Energy Commission.
+iPresent Address: Research School of Physical Sciences, The Australian National

University, Canberra, Australia.
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l."IntrOduCtion

It was polnted outvb& Saﬁchlerl) sane years ago that the intensity ofl
the {d,p) reaofion, as then treated, ¢ould be used to_measure directly the
*iecomposition:or'tne single particle waue.functions in qeformed nuclei.v The
Nilsson-wave function is e#pressed as a supernosition of components having
rarious anguler‘momenta |

X T Y Cagx Xupgx ¢

‘ 59 % .
The cross sectlon to a member of the rotational band with sp1n I, based on this
,ingle»particle state, is proportlonal to C 2IK’ and thus the’ reaction can be
to determine the components in the Nllsson functions. This technlque.has been
extensively>investigatede), particulerly by Sneline and .collaborators and Elbek

and~Tj¢m. However the above proportionality holds strictly only 1f the

reaction proceeds directly from the ground state of the even target nucleus to

the state in question in the.odd»nucleus. If either the target or final nucleus

is set inteo rotation by the free partlcle this no longer is true because the

transferred neutron, in this case, is not obllged to carry all the angular

‘momentum into the final state. Since the cross sections for 1nelastic scattering

by deformedvnuclei are large, we undertook tovcompute the_effect of ‘inelastic
processes on the (d,p) reaction by use of the source term technique3), to

evaluate the validity of the usual type of analysis.
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. ~2,_ Theory for Including Inelastic Processes

2.1. THE SOURCE TERM AND IT'S EQUIVALENCE TO THE PENNY—SATCHLER T—MATRIX

Tt has been suggested by Penny andeSatchlerh) that the usual DWBA for
caiculating etfipping,croés sections could be modified to include inelastic
processes;inke cOneeptually'streightforﬁafd'mannef. The idea is simply that
the reaction'amplitude is computed from

| A e )
:Tp,d = TV 1% s o ~ (1)

in whlch unlike the usual DWBA Xp and Xd are- solutlons of coupled equations
which involve those excited states which are strongly coupled to the ground
states by the particle-nucleus interaction._ They thus contain ‘components
7 involviné exclted nuclear etates,.whefeas in the.usual'DWBA they contain only
the greund state. | |

HoWevef the numeérical complexity involved in following'this program is
such that iny aﬁproxiﬁete (or partiel)'solutions have been achieved in the
past. -

A new.eppfeach, called the source term method, was suggested by Ascuitto
and Glendenﬁing3)-who propose eoi§ing the ceupled'iehemogeneous equations for

~protons

(5-8) w(*) x§+) o | (2)

where the right side is a source of protons due to the stripping reaction. The

(+)

deuteron wave function ¥:

q  1s the same function as would appear in (l) and

satisfies

o0 (3)
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The solutions of (2) and (3) with the desired boundary conditions may be

formally written as

#) 1 -

Xq "= % * Ty Va % (%)
(#) 1 ey

‘yp = EV_’_ " Vnp‘Xd . : o . (5)

Where Vd = V({a, A) is the deuteron-target interaction, ani-¢d is a plane wave
in the relative mbtion.‘ Note thatvw(+) containsionly outgoing wavés,‘as
.required by the physics of the problem, while xé ) contains a plane wave -

représenting the incident deuteron beém}_

' EquatiénS'(2)'and'(3)_correspond to & coupled chesnnel solution of
(B-H) ¥ =0 o : (6)

in which W'isléxfandéduin thé:rédundant spécéé referring both to thé d-A and-
p—(A+l) partitions, and in which the'stripping inféfa;fion, Vnp; is retainéd to
first order. |
The tﬁo m¢thods;are éqpivalents) in théir results, as we now demonstrate
by showing thét-the amplitﬁdé for protons at infinity in (5) is given ﬁy (1).
To do this wé‘introduce thé.f@llowing notation. |
S . A+L ,
H=HO+HP,,HO=HA+1+Tb,va+ZVp'i - (n
: K o ‘ . i=1 ‘ '

and use in (5) the ddentity

. . ‘l —v. l l :
B © B _[1 Y E—H]- o (8)
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so that ' : - ' '
e 1

) .. | l ) | (+)
b = 'F?T:;'_f[l +,VP ;(;ngl Vop Xa | (9)

B -

Examining the limit r > © in the r-representation of (9) yields the amplitude
' =€{¢ | |1+ )) 10
Tp;d | ¢p| [ V ( 5 I Xd | | (10)

with ¢P being a plane wave in the relative motion of p-{A+1);

Grgze W
Thus, since
(=) _ 1t |
Xp.*,_-¢p +-£T:7:;¥ p % : ' (12)

one sees th;t (10) is identical to (1) és was to be proved. In fact, it is
bbvious-tﬁat, depeﬁding'on the approximations with which (2) and (3) are solved,
fhe'amplitude fdf.outgoing protons will corréspond'to that of Penny—Saﬁchlerh)
when the full ééupling.betwéen channels is retainéd, of Iano and Austernh) when
they are solved to first order ih the inelastic transitioné?.or the usual DWBA
when the inelastic transitions are negiectéd altogether.

Of course in practice the space in which the Schroedinger equations are
solved must be'fruncated 8o as to yield a fihite set of coupled equations. Thus
v and Vd are treated as effective interactions as describéd in‘detail elsewhere6).
Since, in this.péper,>we_are treating deforméd nuclei;'theyuare in fact taken to
be deformed optical potentials.

2.2 COUPLED CHANNEL EQUATIONS
The firsf.stagé of our stripping caiculation is the détermination of

This we do by expanding in & limited space of nuclear states:

=

(+)

| ant
XdﬂI

1
=2 v (R) ¢
d'

o B0 (13)
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We use ﬁhe same notation‘as Ref., 3, and in particular thevchannel guantum
number d denotes‘avwhole set of quantum numbers defining the miclear state and
the relaﬁive.motion bétween nucléué and déut§r9n;:-Whén both 4, and d' occur in
an équafion; d'ié ﬁpdéfstood to référ toia chénnél thatvcohtaihs'thevground

state. ‘Substitutioh of (13) inﬁo‘(3) Yields, for each d', the coupled equation-

(g, + VI () - B ony, w0 v T T m =0 ()
R . a"#a’ |
wheré
Vagr (B) = Cop (Rom | vla,a) [ oguy (Rom)) (15)

Yaar

A detailed‘expression for this matrix elément is given later, for our case of
scattéring byfa'déformedlopticai potential and rotational nuclear states.
A practical complication arises in the solution of (14) because the

el o
(—)I 1,-there are two possible entrance

deutéron has spin unity. When T =
channels, one with angular,moﬁentum 2 = I-1 and oné ﬁith 2 =.I+l. (We treat
even targets whosé ground state spin is therfore zéro.),iIn this case two
solutions ofifhe coupled system are needed,'bné'with.iﬁcoming wavés in the
-ground state éhannel having %= I-1, and the othér_with 2 =AI+l. In all othef
chgnnels the désiréd soluﬁion hag pﬁly outgoing waves.

Havingrfound the solution X§+)_which occurs in the source of (2), the
next step is t§ SOlvé thié inhbmogenédué.équation Subjéét to thé condition that

there are only outgoing proton waves, as indicated in (5).

Meking an expansion of WP on a limited basis
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M_l «— 4

prl T r 2. pWI ¢ o'l Moz, ) o (16)

and substituting in (2) yields, for each p'

| 10 SR an . ' s ,
(T, + Vo (r') - E ) w <r >+Zv pn(m10) Wit (e o= o =) am
where -
an : dWI
o =T, :E: ¢p ‘T (r R A+l)| v, r)l ¢ (r) ¢d'nI (R A) Uy (R)/R )
(18)
The solutidns Qinlfbf-the proton system are also labelled by the deuteron
(entrance channel) quantum numbers since the'source term depends on these.
Iﬁ'the above equations the center of mass substitution
r'_+r - —L-r - (19)
~ P ~p MA"’l ~1 -
is understoodf{
By employing the zero range approximation
\ - : o : 50
Vo(r) oo(r) = 8(x) ~ (20)

A+l

_ which causes r'é ='—A—-R vhere R is the center—of-mass coordinate of the

deuteron, the source term can be evaluated as

A ~ 1/2
pdTTI Z Y () B it +I( 4 '-Rn"jd')
! A+l NL J K d' pv . —EL_%%F*“‘—
o _,d'JL JN ,
T "n'n
. . 1/2 3,
' 1 P T p
: 'jp' jan_‘jdl' zp' zn zd, . 1/2 -
x : 1 - ' n ‘n Xy 3 g(r) ug (r) (21)
Jd' I J o o o /J 9 n“n

p'! : - ar 1 Jdv
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where B is a parentage factor .

, . - : AY M, M _
(B0%g 172y r 91 5 | 8 (2D (22)

B . (3., 7)) =Sy, . (r) [e.
N JK'Ya’ Yp .‘_..II\T,Q,jK nt gy A

and X 1is éVneutron bound staté_ﬁave function (seé next section) and 0
denotes a nuclear wave function. - »

| A solutioh of fhé systém.(l7) having thé outgoing bdundafy condiﬁion.is
needed. Fromﬁthe'amplitudé of thévoutgoing wavé;'the cross section can be
computed as detailed in the appéndix of Réf.v3).
For the problem of intérést in thls paper, namely'sfripping reactions

on a deformed even target, the particular form.that_vd,d", Vﬁ'p"’ and Bl‘j
' ) . n'n

take will be given later.

LY



o= - - ~ UCRL-20ko0L

3. Nuclear Model

3.1. SINGLE-PARTICLE WAVE FUNCTIONS
The even-even target nucleus is taken to have the simple adiabatic

wavefunction of Bohr and Mottelson

oy = [EE | o) D,MO L (23)
- 8m '

The odd (A+1l) nucleus we take to have vave function ‘
s [EIFLf txy T Ttz T |
| oMK ) -\/ iy {&K | o) Dy * (-) ey l_o} Dy, _K} (24)

where we have employed the phage conventions stated by Nllsson ) The operator
aK creates a s1ngle-particle neutron of 3—exis angular momentum projectlon K
on a core | 0 f."This latter may, in principle, be perturbed from R
appearing in eq;v(23); of course, other quantum numbers than X are fequired
to specify the state. Although using wavefunctions (24) it is possibled) to
aocountvfor a;Wide range of phenomena invappropriete nuclei the true wavefunction,
even in the'etrong'ooupling model, is itself the solution to a_complicated
coupled Channel calculation . The iﬁportanoe of this in our cage 1s the
sen51tiv1ty of stripping to the nucleus tall the asymptotlc form of which is
determined by the Q—value only. The most obvious,slmple solution is to use
(2k) while;matching the radial wavefunction to a ﬁankel tail at some suitable

radius. The complication of the problem is evident from the fact that each

J- component must he matched for each state of the residual nucleus band con51dered

+
for each state of the target nucleus considered (usually, o', 2, end ¥, for

it is the transition Q—value.which determines the_asymptotic.form, In the
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present computations we. 51mply used wavefunctlons of an approprlately deformed
Woods-Saxon.potential. These 51ngle-particle wavefunctlons are obtained by
diagonalizing thé‘ohe-particle Hamiltonian, containing a deformed Woods—Saxon.

potential, on a finite basis of harmonic osoillator functions RNQ’ thus |

XK‘EB'Z 07 =Z Cnagx Rug _(S’ra) [, (£) Xl/é(o)j’}; N ¢ 2
NI ’ : B

‘ﬁhere N is the oscillator quantumvgumber; ’These should bebconsidefably'better
than Nilsson wavefﬁncfions involving oniy one majorvshellfand-hopefolly would
give a reasoneble representation-of the ﬁaVefunctioﬁ in the region of-tﬁe
deformed-surfaee{ 'The_error in the QSymptotic-fegion which.is incurred is
likely to be greatest for weakly oound~statesiand where the moment of inertia;
is low so that the Q-value varies more widelj for a given problem. This
problem is diseussed further in our aocountB);Of strippingdon.megnesium.

We have estimated.the single—partiele*eﬁergy of the intrinsio state,

ZK, from the relation

R h J+1/2 '

E; = ;K + (23) [3(r+1) - %2 4 GK 1/2 a(-) (J +1/2)] (26)
and attempted to fit these energies uslng programs which solve the Schrodinger»'
equation for a particle bound in a deformed Woods~Saxon potentlal The
intrinsic wavefunction is obtained as a sum over harmonic oscillator wave-
functions. Tﬁe_cross section is somewhat sensitive to‘the number of. radial

oscillator quanta included in the wavefunction and to the parameters of the

binding potential. We found that seven or eight radial components were adequate'

We were at the limit of the capability of the computing -facilities.
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since in most cases the elghth component made only a few percent dlfference at
"~ the most forward angles only A complete speclflcatlon of wavefunctions ueed
may be found_ln Ref. 5). | |
3.2. SPECTROSCOPleFACTORS

The spectroscoplc factors B vhlch are requlred for the source term,

(20) have been calculated by Satchler ) They are, for. the case of stripplng

onto states J of the K=20 ground-band¢of anteven—even target nucleus:

| 3. \1/2 J.33
' 1)Y=v2 |2 a“’p
Brg k(7 qp) A szK < olo > Coxxk ¢ (27)

b

Tt is clear from this equation hoﬁ entrance channel'inelastic processes permit
otherwise j-forbiddenltransfers‘to occur: if Jab#.o,'then J need not equal Jb.
3.3. THE INELASTIC SCATTERING'COUPLING MATRICES

The scattering within’tne rotational bands of the target and residual
nucle1 are calculated in & 31mple macroscoplc model in which the free particle
1nteracts with the nucleus through deformed coulomb and nuclear optical potentials.

The optical potential can be written in the scalar product form-

Sha, e
,K'

. 'v- 7 R | Avv ,K
V(r, w, 2) = v(r) + E VLK(r) XLFr) T GK
v . et o v

( 2‘8)
0 _

where represente_the anguiar_coordinates'of the point in the laboratory frame
at which the potential:is evaluated, and 2 represents the angular orientation
of the deformed nucleus. The conditions under which this form is valid is

discussed in Ref. 5). The calculation of the factors V (r) in terms of the »

LK
=

)’6). The interaction matrices Vo©

| €1%
thet occur in eq. (16) and eq. (17) above may be written, for particles of spin S

deformation parameéeters is given in Refs.
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AR SN VN

. J.d
I+J +2j +S c.Yc,c, ¢
Vol (B = V) 8, o+ (=) C2 0 L
271 i72 - S . . ¢
s, L& Le, 2 ) (3. L,
o 2 1 1 2 1 )
A.17 L =
< D DR B vy - ‘
IK>0 0 00 21 2l S ch Jcl. 'Jc2 1d,

(2)

In this equétion;.v(r) is the centfal compiex‘potenﬁial,,Which includesvthe

coulomb interaction aé'db the VLK. The expressions“BI;Kc are the reduced ms:rix
g . * €% ‘ |

elements of (DLK + DLK)/(l + GKO)' They are listed for even-even nuclei by

. sih - - . : :

Glendenning6). 'For odd nuclei.we get

- " J. L J.
LO _ . ;o L A A 1/2, (K, 172
BT = <y 1o Bagk, > = (57,07 )™ (kox,) (Leven)
(30)
=0 L odd

In eq;'(29) we have written D for the case of K = 0, i.e.; axial
.symietry, the_énly case we are éoncérned with. The use of_eq..(30) involves
the neglect'of.that»ﬁért of fhe excitation interaction connected with the odd‘
particle. These parts of the interaction correspond to the flipping of the’
intrins;c state and is expectéd to be most serious for bands of K = 1/2 which
éan be flippéd by an 2 =.é cOmponent'inﬂthe_intgraction. ,The resulting | g
amplitudes’Villbﬁe‘of single-particle strength and are probably in order of
‘mggnitude smailer than the colléctive part, although their coherent effect,for

A “’25 could be large.
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b, . Stripping Calculaﬁions'For Strongly Deformed Rare Earth Nuclei

We'preseﬁt hgrébthe results éf a_seriés bf stripping calculations on
defbfmed raré earth nuclei.._The target nuclei weré even-even, and were treated
as stiff;:axially symmetric_rotbis. Ih each case we have ignored.coriolis
induced band mixingtand have employedvdeuteron wavefuhctions calculated according

2.

to the procedure ouﬁlined'above. These wavefunctiops are tabulated in Ref.

- This reference also discusses in full the proceduré used for determining the

optical pOtentiéls, which &rewtabulated there. The optical potentials are also

lo’ll). A discussion of these

tabulated and discussed in other publications
latter, togéthgr with scattering fits will bé pubiished separatelylo). We should
comment , however;_that.whereas_the 'coupled channel' and 'distorted wave' proton
optical potentials'are'defined to give idenfical elastic scattering in the
appfopriate chcﬁiations, this was not quite so for the deuteron potentials in
most'caééé diséuésed‘below. Rather, the pbtential for the coupled channel

calculation was adjusted so that it gave an equally good but not identical fit

to the same (rather meagre) elastic data. We shall indicate for one of the

cases discussed below how this might affect our results considered as model

calculations.

166g,(a,p) AT 12.1 MeV

L.;;_ THE REACTION
. Thisbr§a¢£ion wasg sﬁudied by Harlan And Shelinelz). The felative cross

section at one ahgle,_hso, was measured for many levels; We have fitted here

data from & mofe recent study by Tidm and Elbekl3) (notbutilized in Ref. 5))’

who give absolute cross sections at three angles.

The [633)1" Bena

The [633]-5-+ (ground) band is probably relatively free of coriolis

admixtures. The amplitudes for the ]} = % and l%-components are very weak

'suggesting that the population ofvthe corresponding levels would take place
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largely through indirect stripping amplitudes. Unfértunately'the negtron is’

13

almost entireiy.in the J = 23 gtate. Our calculation was'limited_b& the capacity .

2
of the program ( 2, (27 + 1) <30) and we included only the %- gf and.;% states

3
together in our calculation. Our neglect of the l% state is probably not too
serious because of the intrinsicélly_ldw amplitude for & = 6 ﬁransitions. As.

) o S e - - 133
far as entrance channel inelastic processes are concerned, the J = l%'

component 1 takenh into account, being present in the neutron wavefunction
I+ »
2
exit state as 1t is not coupled to 1t by the lowest order Y, deformation.

13+

state will be little affected by the absence of the =

employed. .The weéak
The results of stripping calculations for this band are exhibited in
fig. 1 and éummariZéd in Teble 1 where they are compared with the data of

13)

Ref. . The overall fit to the data is greatly improved. However, the

normali;ationAis’ambiguous in the sense thétvif it ‘had been at 60° instead of

114 , s : 7 . + .
900, the ;% level would have been fltted instead of the %{ the cross section

of whibh_wduld_in this casé_haVevbeeﬂ to high. According to which scheme of
normalizatién]is_ﬁSed to compare our calculation with the data,‘this'disagfeement

may be interpreted in two ways. Acg§rding; then, to the first interpretation

the disagreemept might be due toldur'omission of the strong-;gf'state and the
other interpretation, it might be .due to an incorrect radial form for the %ﬁ

component of the’néutron ﬁavéfunction. The DWBA-Nilsson calculations are at
considérablé variance with the dats in this case. Wé have not attempted té
comparé nofmalizétionsjbétwéén'bands»asrwe had no relisble méansiof calculating
quasiparticle occupation factors.

Cértain‘ciéar'implicatiéns.for»stripping calculations with strongly

deformed nuclei emérge from the followlng ohservations.
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. (&) The differential cross sections of the l- and li. are lncreased over a

2 2

wide angular rangé by a factor of the order of four when the full inelastic
processes are included in the calculation.

(b) The stronger gf levei is little changed in overall cross section. A local
reduction (%0%) around 60°, a data angle for Ref. l3). This level is certainly
likely to be affected in lowest order by exit channel coupling to the l%?

state.
(e) For'thé %? level, at least, inelastic pfocesses are sbout equally important
in the exit and entrance channels. The exit channel'scattering (when the lgf

11+

> stafe except at

state is excluded, at least) has a lesser effect on the
forward angles.

(d) In this particular case, the exit Channel scattering appears to have

imposed a diffraction pattern upon the angular distributibn of the protons. In

vother cases described below.this does not occur.

The [512]27 Band

Accordingifo Kanestr¢m and'Tjémlh) this band has:éohsiderablé'COrioiié o

induced admixtures which will particularly affect the %7 state.
The results of a series of calculations in which'the'thfee lcﬁést iéiéis 
of this band are included together (and one in which the 5 5 and = states. .

are coupled);ére'illustfatedvin figs. 2 and 3. A comparison of the DWBAvand

the coﬁpléte'CCBA celculation with.the datélB) is given in Tablé 2, -Numeriéali

results at partiéﬁlar aﬁgies céfrésponding to all the qufvés in the figures is

givén in TabléVB; ‘ | |
Frbm-all this, the following points can be made:

(a) The cross sections of the weaker levelS‘(gf'and gr)vhaVe been considerably
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increésed by thevinelastic proéésses, exitrand entrance channelAéffecté being.'

' agéin of comparablé impoitancé.v | - | |

(b) Thé éfféctvof transitions thrqugh thé'targét'h+ stgté,is notably significant

for thébgf_staté, but not for thé othér statés. Thé Q—vaiﬁé fof sﬁch'stripping

transitions in:fdct_béing-largér than for thosé from the tgrgét'ground étaté;

_ these transitions might havé béén soméwhat ovér-émphasizéd on account of our

incorrect asymptqtic neutron wavefunction. -Jﬁdging from fig. 10 of Réf.'IS)

this might b§ a Sméil effect.: (See Réf. S) for their discussion).

(c) The small amplitude £ = 1 componénts in thé intrinsic staté singlé;particle
. o

wavefunctions were of some importance to the 5 state, to the extent‘of a'lQ%.

reduction in cross section. The effect on the other states (through target L

channels or eXit'scattering)‘is small. -

(d) The replacement of the Weak'gr state by the weak ;%:fstate has a small

effect on the ofher'States; the exit channel séaiteriﬁg is dbminated by the -
strong g? state;' » |

(e) The exit éhannél scattering has incrééSed_the cross-section to g;;_thé
states. - This does not happen in é?ery case, and_iq principle makes the

' measurenent of'pairing occupation factors someﬁﬁat uncertain.

(f) The agreement.with.the experimenfal data of-Ref. l'2) and.with the more
extensive data of Ref. 13) is greatly improved. The under—population of the
gr state is consistent with the findings of Kanestrgm and Tjémlh) that coriolis
" admixtures are important for increasing thé eross Séction of this state.

We note here_thét in‘principle both the entrance and’exit channel

inelastic processes which take plade may increase the effect of coriolis -coupled

admixtﬁresa In particular, both processes_might'affect any state for which the
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CJQ'S of etronglyvadmixed‘single”particle;stafee.are small (vhere J is the level
spin) thus having iittle-effect on DWBA.calculafions, This is most o.vious wherev
the level eieminea is strongly mined'with:absingle particle state for which there
is a large CJ' where ] J - J'! <2, :Theée higher:order effecte will e moet
important for weaker states and. the complete description of stripping will
entail the coherent sum-of a large number.of such transitions.

iﬁ fhis.particular case we repeated the DWBA calculations wit} deuteron
optical potentiais_defined'to give Ereciselz* the same elastic ecattering es |
coupled channel calculations inclﬁding thé 2" target state. The:£ = 3 crose:
sections were reduced 10-20% over the range of fhe experimental points, the
L = 5 state- somewhat less except at the most forward angles
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4,2, THE REACTION Gd(d p)

This reaction has been studied by Tidm and Elbek 6) at 12.1 MeV. We

have carried‘out calculations of stripping to the [521]5- band at this energy

‘and also purely model calculations at 16 MeV where there is no data. Kanestrdm

and Tjémlh)’haVe'shoWn that this band is somewhat influenced by coriolis

admixing in the neighboring nuclide l59Gd.; The effect should be rather smaller
1n 2764 where fhe [521]%7 bandiis much morebwidely separated from the [523]57
band. , _ | |
4.3, 12.1 MeV DEUTERONS :

The reaults of the various calculations performed in our study are shown

in flg. 4 and listed numerically w1th datas) in Table 4. The celculatzons

comprise (i) a DWEA calculation; (ii) a CCBA calculation including the’ g g %3

% states of thefreeidual nucleus and the 0 ,'2*, and y* terget states; (1i1) a

similar calculation in which the deformation of the residual nucleus is increased

within the meaning discussed in Ref. %).
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from 82.=v.25,t016é_= .3 (without, howévér, chgnging the.protoh_Optical
potential); (i§) a calculation similer to.(ii) bﬁt with ampiitudés of ‘the
L2=13,) %'%brédﬁééd by a fécfor.of .85. 1In thé bWBA calculation corresponding
to (iv) the cross ééction of thé_J ='% stgtevis scaled byv(.85)2 but.is otherﬁisé
identical to (1). These various:Caéés are shoﬁn in fig. 4 with thé‘éégg |
uniformly nérmélizéd ﬁo thé théorétical,result for casé (iv) at 60°. It is cléar
from the figufé?and-from thé tablé that tbé.évérali fit tg_thé data has béén
considerably iﬁprovéd by‘thé iﬁclusionfof'iﬁélastic procéssés.v The scaling of

the C by'.85.was,neceséary to get the fif shown., It is interesting to note that

I- |
the cross section of the 5 level was gcaled by close to (.85)° whereas the 5

level cross section was reduced by a‘gréatér:factbr; Suggésting that the %7
component has contributed destrﬂctivély'to thé‘croés section for thié staté.

This isvconsisteﬁt with the réduction ip‘cross section for this lévél that occurs
in the CCBA c&iculﬁfibn; although this iattefwis probgbly dﬁe in part to the

67Er

optical modélrémbiguity'in the DWBA case as ékplainéa'ror the gf.band'in.l
above. o |

‘As waé ﬁléo founds’g) fér the case of,Mg, thére is app:o%imétef
proportiénality.to C2 over a small range of v5riétion dfrthis factor; .This
could be exploited'iﬁ some cases to measure 02 without the ﬁecesSity of
extensively repeaﬁéd'runningé of coupled.channél programs. |

The distinctive features of this'Caée'are (i) the Qestrugtive nature of
the transition amplitudes‘involvihg the gf component in the gf stéte;v(ii> the
possibility of fitting the g? state; (iii} the'very large effect on the gf
level. This l¢Vél is not_liétéd»in thé.tébulation of Ref, 16) but appears in

their fig. 11 as a bump of about thé right size. They attribute this to band

C &
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mixing. (This level has béenvseean) in 17%5n and was reasonably well fitted

in caleulations mentioned below). The j~component amplitudes corresponding to
= -.366, C., = .651, C, = ~.515, etc. compared with

| e 0 7 i3 Op 7 B9 G = 2 et com |

Vergnes and Sheline?s?).—.32, +?73, -.5 (réspectively).  Although micing with

2

separation here should make the effect much smaller.

the [523]%: band greatly affects the 2= gtate in T°26a the much greaer band

We mention here calculations that were also carried out for the same
155

band in Sm (for"detaiis,:see Ref,’s)). The general results were similar to

the Gd éase, bﬁtvthere'were additional gqualitative findings. These calculations

" suggested in the'first place the Ilmportance of good neutron wavefunctlons; and

it was eStablished,that the target h+ state is only of significant'importance

"for the g? state, this state also being'moré'affected by exit channel scattering

than entrance channel scattering at the experimental angles. The general point

is, of course, that it is in general difficult to know g priori what the effect

'in a given band will be (Cf. the 2 band - in Er).

2
4.4, 16.0 MeV DEUTERONS | |
’The‘waA;andfccagicalcﬁiations of the [521]%5 band in 1°76d were
performed &t l6.C-ﬁeV with»extrapolated optical potenﬁials (see Refs.'s’ll))
which gave ;idéntiéal' elagtic scattering in appropriate caléulatiéns, The
result is shown in:fig. 5. Apart from the obscuring‘effect of the diffraction

2
similar to thosé at 12.1 Mev. In particuler, the Importance of inelastic

pattern in the I- state, the effects are gualitatively and quantitatively

procésses.in déscribing stripping to the gr level is emphasized.
L.5. COMPARISON WITH OTHER DATA |

There is insufficieét data to Jjudge directly whethgrvour predicted
modifiCations of:DWBA angular distribution are consistently in apcérd with what

would be measured. Confidence in spectroscopic factors is surely undermined by
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poor fits to anéﬁlar distributions, and we have seen that these are certainly

changed by ihelastic procésseé. We can make.one.qualitativevcomparison with-

- . . ‘a
existing data, as follows; for (d,t) reactions of large f-transfer, the angular
distribution is like that for (d,p). For this, see Jaskola; Nybé, Tiém, and SE
Elbekla). The £ =-6Vtransfer case that we have illustrated in fig. 1 suggests

that indirect transitions may provide & remedy for the poor angular distribution
" which Jaskola et al. found (see their fig. 8), and suggests, perhaps, an over-

all renormalization of the level involved.
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5. Conclusions
Invgeneral the inclusion.of inelaétic-processes in stripping calculations
- for deformed nuclei is important for both the angular distribution and relative
strengths of . particular levels. The effect on the latter is of the same order
as that'resulting -) from coriolls admixed components. Strongly excilted levels
within a band are'generally not‘greatly affected in angular distribution but
their overall.strength'may be changed. For_weaker levels,‘the angular
distribution'can.he considerahly altered and the overall cross section can
bé Ch&ngéd'byjas:much as a factor of ten or ﬁore. A comparison of the 16 MeV
results in one case,with those.at 12 MeV does not indicate.a rapid fall off in
effect with energy, in this energy region.

We have not succeeded in fitting data exactly, (although we have
achieved conaiderable improvement),~but we have established that the inclusion
of intraband inelastic processes (and, poésibly,binter-band transitions) is a
prerequisitevfor doing this. The complete calculation-is'thUS very elaborate,
but this.workihas_demonstrated the utility of the-source term technique for
such & calculation. We have shown, however, that the disagreement often
apparentllﬁ between DWBA calculations (including coriolis adnixing) and data.
can nrobably be:understood vithout abandoning the'overall Mottelson—Nilssonv-
picturer | |

Unfortunately, it has not been pos51ble to check the details of our -
angular distribution results owing to the dearth of experlmental data.“ Few
detailed angular distributions have-been determined for (d,p reactions'in the
lower half of thegdeformed region (ﬁhere computing time requirements forv

calculations such as ours are somewhat less stringent) as it has not seemed
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necessary-for the“determination of Zatransfer. However, we hare shown that 1in
some cases there ne& be considereble alterationvin engular distribution as a
result of‘indirect'transition_and indeed there.seem* to be syetematic differences
between experimenp and DWBA calculatione. |

The_present erperimentaltdatefis not snfficient'to assure us that these
reactions are. well understood..ifne current procedure‘for meaeuring spectro- -
scopic factors_in_deformed nuclei‘is model'dependant and suspecﬁ for two reasons.,
Firstly where;more'detailed angularrdistriputiOns are_meesured (see Refs. 18’19)
the agreement wifh DWBA“is not good, shoﬁing apparently systemetic departures;
and, as we have seen, our calculations predict con31derable departures from
DWBA form accompanied by changes in overall normalization. It thus seems that
more detailed angular distributions are one prerequisite before confidence in
either the nuclear model or the stripping model is possible.. Furthermore, in
view of the fact that as we found, stripping 1s more- sen31tive to the optlcal
potential than scattering, the presently existing elastic and inelagtic’
scattering data:ere probably insufficient to define optical and collectlve
parameterslo)-ae:closely as may be'desiredr In particular, owing to the uncer-
tain way that tne deuteron optical potential ektrapolates;in the Coulomb berrier
region? anyirealistic tneoretical study of fhe energy»dependence of inelastic
processes in»stripping,in this region would have to be preceded by deuteron

scattering meesurements over the appropriate energy range.

* ' - . : : 1. .. :
See, for example, figs. 8 and 10 of Rickey and Shelinel?) where angular
distributions are given for'lYYHf;' The & = 3 cases have some gualitative

" similarities to those in our figures 2 and 3.
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Table 1. Comparison of DWBA and CCBA for the ground band of 1

, The date is also given normalized to
the respective theoretical results for the 9+ state at 900 CM. The improvement is good for the T+ state

but less so for the 1ll+ state, possibly 2 "reflecting the neglect of the 13+ state. 2
| 2 ' 2
. _ "_ ' ' Arrangement =
60° cM 190% o 125° o of Table
1 ~ 0.3 ~ DATA
I+ v a ' : e ce® ' : a
3 . 000609 .00218~ - .000536 +000298  ~.000654" . DWBA ~data”
00206 w00211” .00143 .000667  ~.000634 CCBA  data®
19 8 - DATA
+ AR Ny - | = . R ’ -
2 .02k1” - Louik® .0196 - .o0196% .0121 LOLTH-  DWBA  DATA®
0177 .okor® .0190 .0190" 00856  .0169 ccBA DATAP
~ 3 ~1 DATA
11+ . a . a | : a
= .00112 . 00654~ . .00150 .000888 - ~.00218 DWBA  DATA
.00336 .00634° 00231 .00087:  .00211° CCBA  DATA
®0btained by multiplying dsta by 49%2§-= .00218
Pobtained by multiplying data by 49%29 = .00211

-

‘ 62—

H0R0Z~THON
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 Table 2. COmpariéon of DWBA and CCBA for the gf band in‘l "Er. The table is arranged in the same way as
Table 1, and with the same normglization progedure. , : :

6% em . 90° cM | 125% oM
13 3
gf . lov8o2  .0203 o loos82 oo2h5  .00kET® : DWBA
L0385 .02295° Lo . .ooM8  .00530° CccBA
304 D - 260 112
I 5550 m® 0 b hos® 1667 .aThs®
661 .53 59 hsgP | 2077 .1978b .
S : . : o o}
. ]
15 I 11 8
—g—' .00525 - | ‘0231*3 B - .700281 .0'1713'a : } .0210 .01246%
.0133  Lo26w? .0101 .'0194b o _.oo8oo_l .olhlb .
By o o S ' .bo5 o
- “Obtained by multiplying data by ~5z8 = .001558
Poptained by multiplying b9 oo
ained by multiplying data by “5Z& = .001765
_ L
Q
[2+}
i
i
O
B



167

| Table 3. Stripplng of 12.1 MeV deuterons leading to the [512]5/2- band in = 'Er. The experiméntal.cross ﬁ
o . section exists only for h50 '
State 3 P Y Y Yo ¥R
g v N Y Y '
bs° 058 00769 L0159 L0187 L0345 0339
5/2- 60° .00802 L0157 L0215 0365 .0386
90°- . 00582 .0090 .00746 .0118- .0116
5° 567 .5k b6 75 567" 571
7/2- 60° 555 558 6k 661 675
90° 405 381 iy 459 k56
4s° L0587 .00382 00561 .0112 10120 © o132
9/2- 60° .00525 .00761 . L0112 .0133 .01k2
90° .00281 - .00638" .0105 .0101 .0113

+
N signifies no coupling in entrance channels, Y signifles coupling.

++
N 51gnif1es no coupling in ex1t channels, Y signifies coupling.

aWe normalize the data to this number.

bIncludes the LU+ state of the target nucleus.

cCalculation excludes the 1 =

T components of the single-particle wavefunction.

The other calculations include 2+ only.

_La-

f0%02-T4oN
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Table 4, Stripping of 12.1 MeV deuterons leading to the [521]3/2- band in lSTGd.
THe upper numbers of each pair are the theoretical numbers as calculated; the -
lower are the values of (Experimental/Theory) for that angle. These numbers
should ideally. all be equal; the great reduction in the range of values when
inelastic processes are included 1s evident -- especially 1f the 125° results are

Jgnored. ............

State - - Expt. o  .ﬁ*: L | Y
B R w0309 .0b16
_60 146 4725 : .3510
o - o . .0152 L0151
3/2- % 55 3618 ‘ 3901
BN - .00639 .00L22
125 23 3333 5450
.60 0 000189 ~.00kk2
5/2- - 90 _ o 000129 _ .00152 -
o185 o 000063 .000529
_ R S o.1213 0 .0981
60 236 . 19Lé 2343
_ T : .0660 - .0539
T/2- ~ 90 : 132 1999 2hL9
o ' | C.0229 - .0199
125 69 3013 3469
_ . C 003263~ .0055
60 B 23 , 6345 - _ 4182
B . ' B .0199 .- .003k
9/2- 90 , 9 L4520 2639
S 4 » .013h .0024

125 o 11 S 8209 _ LL90

+
N In top row, N or Y signifies absence of presence of coupllng in entrance
channels.

™ Same for exit.

(continued)
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Table h {eontinued)

State Y N Y

o . ;Hy“_f L D\ Y

DR T L0506 . 2. b L0415

60 3596 ' 3518

’ R Lo ,0139 L0145
3/2- 90 . 3957 3846
S L00k2 “OOLEE

125 CsNTO . 5044
) 6o .00k92 .00333
5/2~ -'90 ,00157 .00126
125 .000515 . 000447

.. 0981 .08764 L0725

60 2405 - 2639 3255

3 - .0505 T OBLT .0393

7/2- 90 2614 - 2766, 3358
.0182 L0166 - .01L5

. ;gé 3791 - 4170 L4759
L ©.00587 ", 00507

60 3918 4536
T .00355 .00312

9/2- 90 2535 2885
o .0026 - ,00222

125 4955

4255

81n this case.62 = ,3in proton channels.

b these cases, ¢

7/2-

“Where not given, as for the other N, N column.

s multiplied by .85.
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TFigure Captions
Fig. 1. TIllustrating the influence of inelastic processes on the stripping of

l67Er.

12.1 MeV deuterohs leading'to_states of ﬁhe‘gronnd'([6331%?) band of
We have also'illustrated the'Paftial”case nhere there are indirect trans-
itions through the target 2 state bub no ejectile scattering.

Fig. 2. The‘effect of:indirect.transitions on the stripping of 12.1 MeV

167

deuferonsileadingvto the 1512137 band in ~° Er. We compare calculations

in which_tranéitions through the target.are'included with those with the

+ : .
2 state alone.. We also g1ve the result of & calculation in which the'l-,
27, and Ad- levels of this band are coupled together instead of the 2" .
2 2 2
%7, and 2? -

Fig. 3. Further study of the reaction of fig. 2. Here we illustrate the effect
of omittlng exlt channel coupling and of omittlng the 2 7 components from

the wavefunction of the bound neutron.

Fig. b. Stripping to the ground band, [521]2 , in 27764 at 12.1 MeV DWBA and

CCBA are compared " Also ‘shown are CCBA calculations in one of which the
I~

exit channel aeformation is»increased‘to .3, and in the other where the 5

component was scaled in amplitude by .85. The data is normalized to the

1- level calculated u31ng CCBA with C7_ scaled by .85. For the g7 level, we

also give the DWBA curve scaled by (. 85)2

Fig. 5. The seme reaction as fig. 4 at 16 MeV. CCBA and DWEBA compared without.

scaling (there is no data).

v
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