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. | biffereﬁtiai éréss se¢£iohs:fofIthe (p;t) reaétion-leading‘toimanyvlevélsh

 iﬁ ?O6Pb'havé beehvcalculatéd. .Three of‘ﬁhe'ﬁransitions~are'essen£ially inéénéi-

f£i;éito fhetdetailed'ﬁuélear descfipﬁioﬂ, and are used to_coﬁfirm:thevtrgatmenf

QO£;the;reé¢t£oh}dyngmics. One'is £héfefore in:a position to use the_reaétion to

T‘;;_'.estfnucile;cx‘rfwayév'fuhc'tions'. ;i£ is foundvthat agreement.bétween-obServéd and. 

xéaléulafed.cfﬁss'séctiéns’for.mény le&el$>ié within the assignéd errofs and cﬁn- Ty

'firms the_Trué-Ford'Wave functions for those levels.
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I. INTRODUCTION

1

Two-nucleon transfer reactions, as has already been emphasized, are

’ “highly sensitive to the type of correlations that exist between the transferred

pair in their nuclear state. »For this reason théy should pﬁovide a very impor-

tant means of testing detailed nucleér descriptions.  The theory of these

reactions can be formulated in such a way as to concentrate the dependence on the

.nuclear structure in one set of amplitudes; and the dynamical description of the

1 o .
reaction in another. Before the full potential of this type of reaction can be

realized, onevhas to know that the dyndmic part can be handled satisfactorily.

. There has been little opportunity to investigate this point so far. Recentiy,

~ - ‘ ' 208 ‘

however, differential cross sections for the reaction Pb(p,t) leading to a =
206 , e ' '

number of stdtes in Pb were reported. Not only are the nuclear wave functious:

in these cases as well known, or better, than in any other nuclei, but the de-

- pendence of some of the transitions on the nuclear description is minimal, as we

explain in the next section. In addition, and of vital importance, is the absence

. of 'strongly enhanced transitions in the inelastic scattering channels. This

permits,an'intefpretation of the transfer reaction in terms of the simple direct

‘mechanism as contrasted with the complication attendent on core excitation.

This note is devqtéd first to the question concerning thévdynaMics of the
two-nucleon tfansfer reaction, It is found in fact that £he probability for a

direct transfer, calculated in the distorted;waveﬂBorn~approximation, gives a

very good account of the angular distributions. Thus encouraged:té trust the

calculation of the dynamical parts of the transfer amplitude we pfoceed_to a de-

tailed calcuiation'ofvthe cross-sections implied by the shell-model description

206 o
of vO‘Pb given by True and-Ford.5




"ffa'Set"df’stfdcﬁyré'amplitudes G

» II. THEORY
For each'tranéition multipole (L;S,J); the'infbrmation carried in the

gff:ﬁﬁ;iearfwaye functions that is relevant to.the reaction can be'conéentratéd'into
N NLS& ;g é vay described in Oﬁf éarlier'work.l

'“/keré»?N" £éféfé to.theﬂnumber:QfJHOdes in the radial function deSQribiﬁS.the éenter

of mass of the transferred pair, waile 1,S,J refer to the orbital, spin and

tdtéi’éngﬁlér_moméntuﬁ”of:thé pairiwithvfespect to the nucleér center. In general,:

several multipoleéf(L,S;J) can contribute to a given transition. However for
(p,t) transitions connecting evép—evensnuclei, only one is allowed, the one with

§ =0 and L =J equal to the spin of the excited state. Thus for each transition

o ‘ S . 207
we need to specify one set of GN’ N=1,2,.... From our knowledge of the O7Pb

. : _ , 4 v :
. spectrum, we know the single-particle spectrum. From it we can conclude fairly
| | S ' | 206 o
safely that for the low-lying positive parity states of = Pb the dominant con-
figurations will invo}ye.only tbe 5p1/2, 2f5/2'an§ 5p5/2r51ngle-pa3t1cle statgs,
which all belong_to the same oscillator shell. The significance of this is that

for a state having the favoured cbrrelatibns, one member of fhérset of-amplitudeé,

&
P4

G., will dominate.

N For such a state that value of N will be

=
[}

-(2¢71 L)/2 ; 1

6 - L/2 ~ (for pb)

where the oscillator quantum’number-df the single pafticle state n, £ 1is defined-
as d&0= 2(n-1)+f. We have thus argued that, for a strong transition to any 1ow-

o caitin 206, o \ |
+lying positive parity level of 0 Pb, we know the radial state from which the pair

is taken and therefore-can calculate the angular distribution-(though'not the

S e ' 3 ‘ . UCRL-17199 © -
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. the sense that it does not_not'decay'so rapidly, and hence will yield improved
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magnitude) without a detdiled knowled e of Lhe nuclear wave function. Thus
transitions to the lowest J = Q , 2 and h levels are cnaracterized as 6s, 5d
and Lg respectively This is the meaninq of oui statement in the introduefion'
that the nuclear structure enters the. quC“lpulon of some of the 208Pb(p,t)

transitions in a minimal way-.

III. RESULTS

A.' Enhanced Transitions: Test of the Reaction Theory
For each of thenlowest state ofespin J = O+, 2+ and h+ the angular dis-
tribution for the.(p,t) reacgion has been calculated. In each case the radial
function, as ue argued in the previous section, is essentially known,‘aside from
its normalizaﬁion. Its assymptoﬁic benaviour should be determined by the energy
required to remove the pair, leaving the residual nucleus in the energy state

under- consideration. In the interior region we represent it by a harmonic oscil-

lator function. . If the single-particle states have the'oscillator parameter

,v(—mm/h) then the center of mass. of a pair of nucleons has the parameter 2v . We

use the same value as True and Ford 5 0.18“ F . In Ref. 1 we suggested two

possible ways of handling the bad assymptotic behaviour of the harmonic osc1llat01

‘functions. The one is that used here. The other consists in using single- particle
states of a Woods-Saxon potential. This will yield a wave function for the center

of mass of the pair which is improved over a pure harmonic oscillator function in

results for the culculated_angular distribution as was emphasized recently by
R. M. Drisco and F. Rybicki. - However this function still does not have the

aosymptotic behav1our as sociated with the separation energy of the palr. We there-

,foze prefer our first piescription
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We calculate cross sections using the distorted-wave- Born approximaticn -

~with an interaction between the proton and center of mass of the neutrons having'

zero range. The optical model parameters are taken from the literature.7 They

fare shown -in, Table 1. The first set of proton parameters was used throughout,

‘ except for‘comparlson-Witb”the second as discussed'later;

The calculated angular dlstrlbutlon for the lowest state of each eoir

' J = O B 2 and 4 are compared in Fig. 1 w1th the data of Reynolds, Maxwell and

" Hintz. The agxeement in each case is excellent and tends to cenfirm the theore-

AN

';‘tical desCrlptlon of the two-nucleon transfer reactlon,, (It should be noted that

some authors/haVe;used a point-tritonapp_roXimation.8 Thls is not equivalent to

P

our assumption”of a'zero—range interaction, but is additional to it and in parti-

.

».'cular leads to qulte dlfferent radlal functlons for the center of mass of the

'tranSferred pair. ThlS fact has also been empha51zed by Broglla and. Rledel

9 .

'However the reactlon is concentrated at the surface to such an extent that both

radial functions would'yield-almost the same angular distribution, though they

- would, in-general,‘lead to different cross sections).

¢
3\

' Table I. ’Optlcal'model.parameters'(Energy in MeV;'length'invFermis)

v . W W | r ... r._ r a Iya.
C _ D I W e . W
5. 8 o L2 1.h8 12 65 . .04

P S ‘ v , - :
-~ Tho 0 - 18.1.  1.21 1.25 . 1.2 1T .551
t 160 20 o 1.1 1.6 1.k 5.5

st

L4
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1

B; CroéQFSectionS: »fest of. the Nuclear'Mddél
Having cbnfirmed thevthéory of,ﬁhe reaction mechanism for those leyeis~

_ fqr whiéh the nuclear structure enteré'in a miﬁimal vay in.determining>£be_
anéulér distribgtion, we no& consider the croséﬂsectibné to all levels. The
Qave fﬁnctidns fof'206Pb.have.been‘obtained through a shellémodel'calculatioﬁ by
‘Trﬁe and Ford.5 Siﬁce 208Pb isfdoubly magic, its ground stété.wavg fuﬁction, té
.e#cellént approximation, will be the pure.closed-shéllﬂwave fuﬁction. :The
structure amplitudes based on these wéve»funétidns‘were'calculated by Reynolds,
v.MaXueil and. Hintz.' Even without a calgulétign of the transfer émplitudes one i?
‘éble, as these authors did, to draw Coﬁclusions(about some relative intensities.

'However we have proceeded to calculate the cross sections to all-levels. computed

by True and Ford to lie below about 3 MeV.. SQme,of'these have small cross

sections and were not observed. Of the observed levels, angular distributions

'to the higher lying levels are showﬁ in Fig; 2. 1In two cases, the observed p¢ak
was khown to'contain a doublet aﬁd‘for these, ﬁe éomparé the SUmﬁed cbmputed,
éngular distributions. Also shéwﬁ.afé tﬁé‘sepérafe éngulafvdistributioné in
case subsequent éxperiments-resolve thé levels. The integratéd cfoss sectidns
:fof all natural-parity levels, (which alone can be excited in this reaction),
vpredicééd to be in the energy range éonéidered, afé listed>in Tablé 1I, together
lﬁith the observed cross secfions; Our calculation does contain for each level,
a'common factor which we dd not calculate, but eValﬁate'by ﬁormalizing to the
thievél. | | |
' Surveying the_angulaf distributions shown in Fig. 1 and 2 reveals excel-

lent agreement in most cases, the most notable exception being the unresol?ed

. v . Lo . . + - .
-doublet at 2 MeV, thought to contain the 42 and 71 states. As is well known,




‘Table II.

. Natural parity stdtes of
mental cross sectlons are compared with calculated values.

6

total calculated cross-sections.

O6Pb that lie below about 3 MeV.
Also listed are -

UCRL-17159

Experi-

Leve] (MeV)

Cross Section (mb)

} Spin Integrated over - Total
Calc : Obs. .Observed ranoeb _calculatedC
. Obs.* " Cale. '
0 0 0y “140 ‘9u' 131
. o ,

.725 8 2, 500 410 550
R o + : o
1.36 0, <115 10 1k

SORE 4 o o

1,39 2, <15 2% . -3

o 1.68 1.68. - hl 300 ¢ 300 650
o 4 '

1.77 - -23 ’ small 2 6

- 2.06° O5r not seen 11 32
o N .
2.01 b, / 49 110
o 2. : 180
S 2.7 7 v \ 230 50
e . - . "

2.19 2, . not.seen 6 18
. a 4 , _ ' _ 3
- 2.53 2. not seen. 10 27
~ .

2;559 .'51- not seen - --
260 9" 7 98 L 530
2.81 2.8 5, 210 | 120 250

2.98 1, ? 16 Py

S " . :

- 3.01 : 43 7. 58 120

. 3.06 : 5 - 76 150

3.1 e, Lso - _
3.15 6l k \ 280 570

aGroups observed in Ref. 2.

blI‘he- first four.entries are results of integrating from 10° -
Theory is normalized to the h

from 10° - 30°.

' Calcu]atpd cross epgtlon

state.

--dNot seen in éxpt{ ovaef. 2, nér calc@lated'by“True‘and FOrd.

sheets. .

state.

60° and remainder'

integrated from 0° - 180° with normalluatlon to an Al

Se° Nuclear data .
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however, the angular distribution for a’'process in which the transfer of angu-

lar momentum occurs mainly in»the surface region is not particularly sensitive

og]

to the details used to describs the reaction, when a single multipole slone i

'allowed} _Of'course'each_multipole generally has its own'angglar disfribution.

Therefore the angular distribution, in caces where several multipoles are al-
. N : , K P N ’

lowed, will depend upon the'détails, since they determine the weight with

" which the individusl multipoles contribute. However that is not the situation

for the reaction considered here, so we have to look to the absolute crose

sections to provide a more stringent tgst of the niclear wave functions.

Table II shows that levels for which small cross sections are calculated are
" either not observed, or only‘wéakly excited. Of the more sfrongiy excited
'_levels; the agreement is generally good. Undoubtedly some uncertainty Should

‘be attached to the calculated cross’ sections due to ambiguities in the optical

mbdeliparaméters, neglect of finite—rahge effects, etc. An uncertainty ofv30%
is often qqoted for'single-nucleon trahsfer reactions although relétive Cross

sections should be better determined. There is also an uncertainty in the

measured cross-sections of +20%. The experimenf and theory agrée within the

combined errors in all cases. Agreement within such a large error is perhaps

more -significant than one would at first consider, inasmuch as transition rates

-.are a rather sensitive probe of the wave functlons.

The greatest discrepancy seen in Table II'occurévfor the ground state
transition. It is actually to this tfénsition that the neglected ground state

correlations cohsisting of excited pairs in the neutron shell above N = 136

would make their contribution. While sﬁch admixtures may be small, they are

coherent.
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| The 9~ level,'calculaféd to be at 2.6 MaV was not:seen'in,the egperi-

ment. Sincé'its caléula{ed éross-section is of an easily observed magnitude
“and since the calculated cross-section for the near lying 5 level falls shorf "
of what 1is measﬁred,.we suggest that‘the group»at.2.8’MeV acutally containé'
béth'the 9" and 5" levels. Similarly the u3+ lé&elAcalculated to be at 3.0l
MeV.probaﬂly'chtributes'fo the groups observed at 3,l'MeV; as well, poééibly;.
.‘asithe 72fi | | | | | | .
- In connection with Table II it should also be noted that almost the

entire transitiéﬁ strength for each myltipole ié_gathered'ihfo alsingle state.
) This is of éoﬁrSe‘a'refléction_of.the.sensitivity of the feéctions to certain
cbr;élatibns'bétﬁé;n.the‘éair'(énlfﬁis éase lS),-so that states possessing the
fa?duréd.correlations.are fé&oured.f That the lowest state of each spin is the
6né»that possessés fhe.fa§qured cor%élgtions ié a reflection of the importaﬁcg
'pf‘the atfr;cfiﬁe singlet?evén part of the iﬁteraction-in-binding that state.

| The lést.cpiumn in Tablé_II showsvfhe caiculéfed.tofai integréted cfoss—
section to each‘ievél, Summing the contributions for each multipole (shown in
J_Tablé iII) provides'é cfude measure of the Véiidity of fﬁe.leSSical argument
 for kinemétically favoured‘multibole transitions based on the_mdmentum trané-

" fer and impact radius.

f'fable ITT. Total cross section going to each multipole in the ?Oan(p,t) feactioq_'

at B = L0 Mev.
b )

J o 2t . y* 5 6 T 9

. '.croés;iection;:a 180 . 630 | 880 Loo 570 590 530"




- reason some loss of sensitivity to the nuclear description must be expected.
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C. Dependence on Parameters

Nuclear description. Reactions involving complex particles, such as

tritons, are fairly strongly localized in the surface region and for this
| 10

‘This loss of sensitivity is registeréd mainly in the.angulaf dis{ribution
* rather than the magnitude of the cross section. Thus a state possessing the
1 pafentagevand correlétions favourable.to”aigiven reaction will have a larger

- eross section,. though perhaps not such & different angular distribution, than

another state of the same multipolarity but unfavoured, whenever only one

: multipole-is éllowéd."We hQVé calculated the cross-section for;fourvcases,

- supposing that the nuclear description for the ground state transition of the

208Pb(p,t) reaction was guch as to yiéld'a pure 6s, 5s, or ks state (with'ghit

amplitude)jfor the center-ofTMaSS'motion of the transferred pair and also a.

state except for normalizstion.

mixture of 5s and 6s that corresponds to the O2

The differences between the results, shown in Fig. 3, are rather minor and de-

mand a very close comparison with experiment in order to distinguish between
them. We haveAsﬁoWn'the experimental anghlaf distfibution, and the agreement

with the*6é result is so gdod as to peruit the distinction, But the poinf is

'made'neverfheless, that the égreement must be near perfect béfore one can

draw a conclusion based only on an angular distribution when'one»multipole

“alone is éllowéd'by‘the selection rules.

Optical model parémeters; Two sets of proton pafameters, one corre-

sponding to volume and the other to surface absorption were used. Their .

effect.on the‘angular‘distributions for the Ol and'El transitions arg shown

in_Fig. 4. The volume absorption leads to substantially better results. -
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" IV. SUMMARY
Differential cross séctions to all levels below‘abouf 3 MeV in 206Pb ’
[vthat éaﬁ be excited by the (p,t) reaction have.beeh calculated using the.dis-
torted WaVe methdd, under thé assumptidn of a simplé direct transfer as dis-
tinguished ffom sequenfial trénsfers or excitation of the core. The angular
distributions of>séVefal of the traﬁsitions are insensitive to the details of
,'vthe nuclear ﬁave functioné and'these‘weré used tp provide a test of the reac-
tion, mechanism assumed. These angular'distributions are in near perfect
. égféemsht Qith éxperimént; .The'intégr@téd cross sections for many levels
: : : : e -

' - using True”and'Fbrd's,aneifunctibns, were compared with the experimental data.

s

The agfée@eﬁt»at'wofStiaég aboﬁpfa,féctor 2. Since transition rates provide
lvquite-a sﬁriﬁéeﬁt'téstVOf_the nuciear:description it is felt that the True-
':’-Fbrd wave functions provide quite an accurate description of moét of the states,
;V,particuiérly'éince some or all of the descrepancy‘could be blamed on the summed’

"effbgsfof_fhe.exbgriment and reaction calculation. |

=  _:Of mpfei§éﬁé;;i interest we conclude that when thefelis good feasoﬁ_tb
'-..ﬁelieVé tﬁéé‘fhe'éimplgwdirect'process dominates a doﬁble transfer reaction, an

‘fiénéiyéig ip}té}ms pf;thgféﬁeory employed:heféll can be used to test the nuclear
'ﬂ:fwéﬁe funéiiéﬁ;il§$§¢h<?rdgféﬁsfﬁa§e aiready‘been réportéd ByvseQéfai authors;9’12;

s

‘;:‘\

v



-11-  UCRL-17199

FOOTNOTES AND REFERENCES

x SN “ '_ . : . .
This work was performed under the auspices of the U. 8. Atomic Energy

"Commission.

1.

. K. Glendenning, Phys. Rev. 137, B102 (1965); . "Annual Reyiéws of
- Nuclear Science,’ Vol..13 (Annual Reviews, Inc., Stanford, California,

11963) pp; 191. Argohne National‘Laboratory Repgrt‘ANL-6848, 1964

(unpublished).

G. M. Reynolds, -J. R. Maxwell, and Norton M. Hintz, Phys. Rev. (in press).

W. W. True and K. W. Ford; Phys. Rev. 109, 1675 (1958).

" D. E. Alburger and A. W. Sunyar, Phys. Rev. 99, 695 (1955); N. H. Lézar

and E. D. Klema, Phys. Rev. 98, 710 (1955).

For a given configuration the GN are generally monotonic increasing to the

maximum allowed N; (This follows from the behavior of the overlap integral

on the relatiVe,motionvcdntained in Gy (see Ref. 1)). When all configura-

»tions belong to the same oscillator shell, each has the same maximum N. A .

correlated state will have such phases that the contribution of all config-.
urations to this last Gy, will be coherent.
R. M. Drisco and F. Rybicki,.Phys. Rev. Letters ;§,;275 (1966). - All publ® *

cations based on our work since 1963, have treated the asymptotic'region

properly, and_consequently ére not subject to the criticism implied by

" Drisco and Rybicki.

Jones, and J. R. ook, Nucl. Phys. 81, 289 (1966).

The proton parameters are taken from M. P. Fricke and G. R. Satchler,

Phys. Rev. 139, B567 (1965). The triton parameters dre attributed to

G. R. Satchler by S. Hinds et al., Nucl. Phys. 83, 17 (1966).

J. R. Rook and D. Mitra, Nucl. Ph&s. 51, 96 (1964); R. N. Glover,_A.'D. W,



B ,‘/12*-.A

100

11,

"Copenhagen, Denmark)

See Ref l and also E M. Henley and D V L. Yu, Phys Rev 133, Blhu5

SR

R. A{'Broglia and CL.Riedel;.(preprint'from the Niels BohrLInstitUte,

7N X. Glendennlng, Phys Rev llh 1297 (1959

(196&), c. L. Lin and S. Yoshlda, Prog._Theoret Phjs. 32 885 (19 Ly,

- B Bayman, Argonne Natlonal Laboratory Report ANL- 6878 1964 (unpubllshed)

‘J J. wesolowskl, L F Hansen, J. G Vldal, and M. L Stelts Phys.

lh8 1063 (1960), J VerV1er, Phys Letters 22, 82 (l966)-éhd

Internatlonal Conf on Nucl ‘Phys. o(to be publlshed), see also C. H. Hoot

ibid WhO'uses atdiffractlon model for'the'calculatlon.of the-transfer

'amplltudes and our formulatlon for the structure. amplltudes, C. L Lin,

| - Prog. Theoret. Phys. 36, 251 (1966)

A

i
i
1
i
i
i
i




ooy

13- . UCRL-17199

FIGURE CAPTIONS
206

v _ . . L. N o
. Fig. 1. Differential cross sections. for the first 0 , 2 and L~ states in Pb

excited by 40 MeV protgné in the (p,t) reaction. Solid lines are calculated
as deécribed in 'Section III.A. Data is from Reynolds; Maxwell and Hintz,

Ref. 2.

1Fig..2,vaifférential‘cross sections for higher levels in Pb206 excited by L0 MeV

‘protoné'in'ghé (p,t) reaction. Solid lines are calculated aS'described in

‘Section III.A and B.

: _ ' . ' : o ' 2 Coy
Fig. 3. Differential cross sections for the ground state transition in O8Pb(p,t)

i

for ﬁO_MeV pfotons calculated under the three different assumptions that the
neutrons are transferred from a center-of-mass state 6s, 5s and k4s respectively,

and also from the mixture of 6s and 5s indicated.

"Fig. 4. Angular distributions for 98Pb(p,t) leading to the ground and first

excited state of 2Q6Pb for 4O MeV protons. Solid éurves_correspond to volune

absorption in optic parameters of proton, while dashed curves correspond to

surface absorption (see Table I). Solid and dashed éuryes are independently

‘normalized to the data.
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. Fig. 1. Differential cross sections for the first 0 , 2 and ly‘ states in '2O~be I
. excited by 40 MeV protons in the (p,t) reaction. Solid lines are calculated -

. as described in Section III.A. Data is from Reynolds, Maxwell and Hintz,. -
Ref. 2. ' : ' o L IR
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access

to,

any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.
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