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TWO-NUCLEON TRANSFER REACTION
Norman K. Glendenning
Lawrence Radiation Laboratory
University of California

‘Berkeley, California

May 1968

- ABSTRACT
Qualitative features of t@o nucleon transfer reactions are discussed. -

_Thé.role of the reéidual interactién_and the single-particle spectrum in dis-

tributing the transition strength is émphasized,‘showihg how, among states of

the same spin, it isvsometimes concenﬁréted into the lowest stateé while other
times is spfead over severél. vaé validity and'success uhder appropriatg cirf
cumstances, of the simple directhmechanism is:illustrated. In some situations
highef>order effectsvére expected to play‘a dqminant role. A novel means of
: including the effects éf core excitatidn Qh trahsfer reactions iﬁ a practical

calculation is outlined.

” _ . . : o R
This work performed under the auspices of the U. S. Atomic Energy Commission.
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Although a twb—nuclebn transfer reactipn wbﬁld present a formidable cal-
culational.problem if_oné tried_to solve‘it with any rigour, in fact, a very
. simple tréatmenf usually wérks quite well.; We could think of the simple treat-
ment, in which all but the tfansferred nucleons play a passive role, as:the first
térm in an expansion of the T-métrix, with succeséive terms referring to ever
© more éomplicated proceéseé. The éxpectation is that eéch additional COmblication,
' suéh'as'mbre ﬁrofound réarrangements, 1eads to’poofer bverla?s‘and hence to |
' weaker contributions. |

For definiteness we consider the.(t,p) reaétion'dépicted in Fig. 1.
The fifsf_ordér process (showh on;the‘left) willvcontribute to the excitation
of ény level of A+2 which.has a significant pafentage based on the groﬁnd state
of‘ A. The wave function for such a state is indicated on the figure iﬁ ide-
" alized form as the product of the ground state of A with & wave function for
the additionsl neutron pair. | o ”

On"the other haﬁd, if the sfate'in‘questionihas as its parént an ex-
'.‘cited_state of the ﬁarget, as indiéated on the right side of the'figuré, tﬁen.- . ‘w:
it cannot be excited in ldweét‘order, and we must calculaféiédme higher order '
' terms, For example'the.£ritoﬁ may ihelasticaily exéite the parent state, in-

this case ¥ and then be stripped of its neutrons. The post excitation foute

02
"is also available.

| Even if the parentage‘is,_ih.large'part, based_on the ground. state, the
uéual treatment ofbfﬁe.first ofaer process may fail. 'If the inelastic transi-
tion is very strbhg, théﬁ?the‘optical modél wave function in the grouhd channel

” may be a poor representation of the true function within the nucleus, just

" where it is needed for the reaction calculation. Moreover, given a much enhanced
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inelastic transitibn, the second ofder process may interfer significantly with
the first, through smaller components in the wave functions.

So there are two distinct'limiting circﬁmstances when‘itvwill be
necessary to calculate térms of‘secpnd ofder, the first éonnected with questiohs
of pareﬁtage; and the secondfwith the degree_of enhancement of.ihelastic'transi—
fions.. |

Fortunately it appears that for nuclei whose collectivity ié hot‘greater
than that of thevso—cailed vibrational nuclei, the higher-order'prdcesses need
}ﬁot be calied_in'on tﬁe second coﬁnt; Thérefore we consider first of all the

lowest . order pfoceés, the simple direct tranSfer;

t+A -—»(A+2)+‘P_-‘

¥, (A)$ (n;,n,)

_@b(A)¢(h“h2)'
v, __ v,
Yo : o Yo : :
A A+2 | A A+2

XBL6EB5-2693

Fig. 1. First and second order processes are illustrated on left and right
respectively. Wiggly arrows denote inelastic transitions and straight-
arrows denote two-nucleon transfer reactions. ' I
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'Two features of nuclear structure effect the intensity of these reactions,
and they both réally'involve the barentage question. How much does the state of
A+2, in question look like the grdund'state of A plus two neutrons, and how well
are those fwo neutfoﬁs correlated in the way they are in a triton? Remembér in
the triton the relative anguiér.momentum_is dominantlyzs and the neﬁtfon spiné
-aré coupled to zerb. For breﬁiﬁy I shall refer to this as the 18‘ correlation
by which will be impliéd'él§o:a spatial éorrelation dictated by the triton size.

The answer to the question is bést provided, in this context by the Ob;

.ject
BR) = (D, ep) Yo ¥ (a2))

- In the ket_sténdé the wave function for the'stéfe of A*2 under consideration.
From this is projécted the ﬁart whiéh contains A nucleons in the ground staﬁe
of‘the_taréef. 'Thié.pfojection_leaves a function of the remaining two neutrons.
Finallyﬂfrom>this is pfojected the'relative'motion characterisfic of the pair
as they exist iﬁ the triton. The functioﬁ %(R> _describes h§w the éenter ofv :
mass. of the neutfon pair moves in thé nucleus, when they aré correlated in-the
‘same wéy aé in the triton. T shall refer to it as the pfojécted wave function.
This discussioﬁ should not be taken to imply thaf the neutron pair
exists as a cluster very much of the time; The residual two-nucleon interaction
» is after all weak goﬁpéred to the central field in fhe nucleus. From a shell
model treatment of 206Pb wé fiﬁd thét the ground state_has lé% overlap witﬁ

 the lS correlation of the triton. However a pair of like nucleons can inter-

act only in the singlet-even and triplet-odd states. The force is_attractive in
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zction énergy of a group of neutrons does arise from thé singlet- even corre-
lations. For fhis_reason these reactions provide -a stringent test for nuclear
models, for ﬁovfeprbdﬁce ﬁhe,intensities'of the reaction leading to &érious
states in the nucleus, the structure thebry muét éorrectly'predict tﬁe degree_
and radial distribution of the. lS"cérrelétion-in each of them. \What is.meant

by radial distribution of.this_éorrelatibn is illustrated in'Fig. 2.

Fig. 2. The radial probability dis- .. :
tribution (r %@&3 of the 18 cor- - - 208p (p t)
relation in the ground and 03 N ' "
state. DNote the concentration
in the surface for the enhanced
ground state transition, beside
the fact.that the total proba-
‘bility for it is much higher.

XBLE85- 2692

Some qualitative features of transition intehsities.emerge very simply
from a consideration of the correlations built up between nucleons by the re-

06

" .sidual shell model interaction. Take e Pb as an example, which has two holes
in a doubly magic core. To avoid cluttered figures we consider only 0 states,
though a similar diséuésion'applieé to any group of levels of the.same spin and

parity.
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The unperturbed shell-model configurations are depicted in Fig. 3.
' 20
Their positions are known from the single-hole states of 7Pb. The percentage
overlap of each'pure configuration with the lS triton correlation is also

shown. Note that the conflguratlons of low angular momentum.have a larger over-

'lap than the hlgh and they happen to lle lowest in thls nucleus. Now when the

residual’ 1nteractlon 1s turned on, and remember it is attractlve in the slnglet—

ever tzie, the eonfigurations mix, that'is to say Correlations are set up, and

the lowest resulting state will have more of the "singlet-even corlclattou than its

1mmed1ate neighbours. That is why 1t is lowest. Moreover the lowest state will
have as its dominant components, the low-lying configurations which happen'tO'be

the ones most favoured by the transfer reaction. Thus not only w1ll the ground

_state be more strongly pOpulated than its near nelghbours, but it wrll be the

strongest O‘ transition. The calculated spectrum of O states is shown at the

‘right'of the figure together with the dominant component of each level, and’the -

percentage overlap with the_ lS cor‘relation.2

. o l
(———-Aof S —

_5F_ 2 :
| %, — 4.9 |
! %t — 2.
. 4 — . 92/6fy7/2— 2.0
206 -
Fig. 3. TFor Pb the pure and conflg- | i%a,0— 0.4
uration mixed spectra of 0t states ?; 3L 1372 o
are shown on left and right respec- ) » _
tively. The percentage of 1g cor- E% 929 (2. . — 0.2
relation is indicated and here is 2F > : 1372 :
concentrated in the lowest state. W " PT3e— 9.5
2 g o o 2 _ ‘
Iv—f 5/2 — 3.7 81% p%3/2" 2.8
66% pZs,,— 2.3

Ot pzl/z— 4.8

o 2 : g
- - 66% p?,, — 16.0

XBLEBS- 2699




| -6- | UCRIL-18225

It is‘amusing fhat the 6pposité situation holds for such a close
neighbour aé glOPb.f in this case the low-spin single-particle étates lie higher
‘in the spectrum.as shown in Fig.ih. _They.arevsﬁread over an energy interval
which is large cbmparéd to typicél intefaction energies, so that thg ground.
state will have és its dominant components Ehe high angular momentum configura-
tions.  The lowest O+, just.beéaﬁse'it is‘lowest, will possess more of the singlet-v
even porrelation thanvany of the pure configurations which form ité dominant com-
ponents. 'And some of this singlet}éven correlation will actually be the S.
However some,higher level’which is a coherent supérpoéition of the other configu—
rations will be comparable or'more 1ntense in the (t,p) reactlon than the ground
because these conflguratlons have more of the lS’ correlatlon.

A,calculated spectrum of O. states for 21OPb is shown on the right of
Fig. 4 with domlnant conflguratlon and percentége overlap with the lS corfelétion 4

1nd1cated for each level.j- In-this case the thlrd level at about 5 MeV excitation

has twice as much of the S triton correlatlon‘as the ground state.

- ‘ (——%of 'S.—,———‘

5r 823/2 —%3 87%d 3,2-—0 9
7/2 _87/‘,97/2 0.7 .
. 210 4;.sﬂ,2e—-55
Fig. k. TFor Pb the pure and ' S
configuration mixed spectra - &2 90% 55/, — 17
- of 0% states are shown on o 3r . wz———g? 7"’5& o
left and right respectively. ~ ~ o Pisra ™™
The percentage of -5 corre- ' § Al 76%d5/2_|2.o
lation is indicated and here = & _
is concentrated into two - R : V02
states, but most stromgly in- =~ W |
the 05. : _ ‘ : 59% i3,/p— 0-04
o} g2 —2.4 '

-l 17%¢%,5 — 6.0

XBLEBS- 2608
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. This reaction is being studied at Los Alamos, but the analysis of the
data 1s incomplete. However one-thing isrnery evident, and that is that ﬁhe
most‘intense tfansitions lie higher in the.spectrum.around 3 MeV.LL '

I stress again that this discussion apnlies to any group of levels .of
~ the oame spin and parify._' |

| Now I turn to the question of whether a'calcnlation based.onlj on the
fifst order pfooess.discuséed earlier, is justified. Clearly we have less
reason to worryfabont_it if we treat regions of the periodic tablevwhere very .
stnong co;leotive transitions are absent. The lead region satisfies thié
criterion.

It is diffioult to separate a test of the reaction mechanism from

quéstions‘of nnclear étfuctufé, but'again the lead région isvfavouréble: The
anguiar distributions, notlcrOSstections, bnt angular disfributions correéponoing

: + 4+
to the lowest O , 2

,'4+ states in the 2OSPb(p,t)206Pb reation are essentially'
'independent of a detailed knowledge of the nuclear‘ane functions, and_form a
_ good fest of fhe DWBAAtreatment of thérfirst ordor process. Let me explain howv
"nhis comesvaoout.b We,knoy véry_well tho positions of nhe unperturbed configu-

206Pb

rationsiin this region. An ekaminaﬁion shows that the low-lying ones for
Vall belong to fhe‘Eggg oscillatof oheil. This means that the projected wave.
-function for the C.M. motion in each of these configurations is.of.the same
degree of complexity;-when expanded on an oscillator basis;_the series term-
mates ot the same place for each (see Téblevl). "The coherent lowest state
will have such admixtures of these configurations as buildo up.thévsinglet;
even correlation in thé surface, since there is more nolume there. That is,

. the last term in the-expansion %ill dominate for the enhanced states.

Thugs. the CM wave,functiOns is known, aside from normalization, independent of"
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208Pb( t)206

G % %
2 009 . .006 .218
Pyjp o S ' =

2 : ‘

.00 -.094 . .168
f5/2 3 09 g
e .0 ' .00 .308

B P
g2 . .19

r7/2 roou ) 109 19
0, .06 . -.0kg o L397
0 .003 . -.105 111

Table 1. ExPan31en of projected wave func-
.tlon on oscillator bassis ﬁL(R)

)

a deteiledlknowledge of the cenfiguratioh_mixing in these coherent states, and
so the angular'distributioh, ﬁhough not the cross sections; can be calculated
in@epehdent of nuclear‘wave;funCtlohs. Such.a calculation is‘shown in Fig.»5.
The agreementvwith fhe experimental data ebtained b& the Minhesote group5’6 is
- excellent. We interpret this as ‘an 1nd1cat10n that, at least under approprlate:
' c1rcuﬁstances, it is suff1c1ent to calculate the simple direct. transfer process.
Although thevMinhesota group was not able to résolve many  of the higher
' levels, a group'athIT7, using the Oak Ridge accelerator,‘obtained data on a
“numbér of levels,bshowh wi£h~ehgular distrihuticns calcdlatediby them heing
True and Ford's wave functlohs of ?O6Pb{ The_remarkable thing here is that
‘there are lerels of spin ranging:all‘the ﬁéy from ot to 9, and.dll_are very

well reproduced as seen in Fig. 6.



Fig. 5.

Fig. 6.

Calculated angular distribu-
_tions.

corresponding to 40 MeV
protons are compared with: the
Minnesota data of Reynolds,
Maxwell and Hintz. '

do/dt {mb/sr) -

T

1000 T
2080y, (p 1)2%8PY

. PR
1000 ay (1.7 Mev)

mb/sr)
o
=3
S .
T

Cross section (

of (9.8}

N

UCRL-18225

IO 20 30 40 50 60 7‘0 éO-BO 100
8em -(deg}
s
]
E= 40 MeV MIT. group

ZOSPb (p,t )ZOGPb

do /4 (mb/sr)

T T - T T

(b) J

\I\izzomev
x10%) %

326 Mev 1

‘X\'O)

G¢ w (degrees) -

o

9.: " (degrees) .

XBLEB5-2691

Calculated angular dlstrlbutlons corresponding to MO MeV protons to

states ranging from spin O to 9 are compared with the MIT data of Smith
Moazed and Bernstein, and Roos.
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208

Pb (p.t) E=22 MeV Yale group

units )

( arbitrary

. iii } ¢ iﬁ{ﬁﬁii )
' 97(2.65) |

. ! 1 il 1 L Sl L 1 i L 1
O 30 60 90 120 |50 iBOO 30 60 90 120 I50 180
Angle (cm)

XBLEBS- 2697,

Fig. 7. Calculated angular distributions corresponding to 22 MeV protons are
compared with the Yale data of Bromley, Holland and Stein.

.>More recentlyvthe same feaétién was studied at 20 and 22 MeV. by a Yale
.group,'8 and théir‘dafé together wiﬁh.caiguléted.angulgr disfributions is shown-
in Fig. 7. Again exééllent égreement is bﬁtéined for this very wide rangé of spins.
vHowevér anguiar distributions of reactions which are lécélized, to a
high degree, in the sﬁrface, are never é‘Very good test of nuclear.structure,
and sometimes as we saw, aré‘independent‘ofxthézdetails.
Relative cross‘seétians constitute a morevrigorouSu.test of nuélear‘
models. A comparison with the 22 MeV data of the Yale group is shown in Fig; 8

where the calculated cross sections again are based bn the True-Ford shell modélﬂ

“calculation.
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90° vao'a 206 :
IS o dfl Pb(p.t) Pb Ep =22 MeV
500
400

300

wh

o= K
Ol j=—

200}

100

ot , 4 5 & 77 o

XBLEGS-2696

Fig. 8. Integrated cross sections for 22 MeV protons to a number of levels are
shown. Black bars denote the experimental results of the Yale group and

gpgn bars denote calculations based on True and Ford wave functions for
- 206py, ‘ - '

Qverall the agreement'is father good, especially as coﬁcerns the stroﬁgest
states in the spectrum. The worst results'aré obtained for the -second 2+ and
4+.states.

Since there is data on tﬂis reaction at 20_ahd 40 MeV the question naturally
arises whether the theory of. the reactiOn,‘extrépolafes correctly from one end-
to.the other. That is to say, if the theéry is normaiized té the ground state
reaction at 40 MeV does it‘correéfly predict the<20.MeV,crOss section. !

Uhfbrtunatély I cannot answer this Question_bécause'of uncertaintiés in
the optical model paramefers; . Of course little‘isvknown about the triton péra—
meters, but even the proton parameters after a decade‘of work, afe not well

enough- known. We need them here at 20 and 40 MeV but what is mdrez we must be
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-satisfied that they evolve one into thé other as continious functicns Qf‘energy.
They exist for héavy nuclei at L0, 30 and 17 MeV, but at each energy different
geometries weré:used,_and,in’One cése'surfacelabsorption, in the other volﬁme.
The situafioh is depicted.in Téble 2 fof'bptical potentiais based on
vthe work of sgveral authors,.and-extrapolated to_the energy neededhhere in
several waysvas regards the inaginary paxrt. The 20 MeV cross section for the
ground state is shown iﬁ the right column to be very sensitive to the imaginary.
‘:-.part of tthOptical potential. Frém this ﬁé can only conclude that within uhé

certainties of the optical potentiai it is possible to obtain agreement.

4O Mev eo_Mev

W  wD oW 0, 4 in HD 8t 20 MeV
saﬁcher'(Bo‘Mev). “ 2L3 7.7 2.3 7.7 - 36d
Frick-Satchler . 8 b - 800

(4O MeV) ' '

Perry (17 MeV Au) -~ 4% 0 i 0 | 360
6 % %o
10 o ‘  4 o 1400

Expt. — > 1500

Table 2. The real part. of the optical potential is extrapolated to
the energy of interest by 0.3 per MeV. The original geometry was
retained. Imaginary parts were treated in the various ways shown in
this table. Resulting integrated cross sections (0-90°) are ‘compared
with the experimental value. ' ' :




13- | . UCRL-18225

We turn finall& to the higherbérder_proceéses. There‘exist no calcu-
lations but they will come soon. They will open the way to studying nuclei in
which collective inelastic transifions are véry strohg. But also in vibrational
like nuclei there afe interésting poésibilities because the higher order process

~is important for any state which possess aﬁ&thing like a two;phonon chéraéter as
indicated in Fig. 9. Sﬁch stateé are ﬂot easin gxcited by the simple directv
transfer,rbutvtransfef ffom the one—phohon excited state is strong, and of coursé

the inelastic transition to the one-phonon level is enhanced.

——e— phononv |

Iphonon

A A%

XBL6E8S5 - 2695

Fig. 9. Strong inelastic transitions in a vibrational like nucleus are illustrated
by solid wiggly arrows, and weak by dashed.. Strong two-nucleon transfer
reactions are illustrated by solid straight arrows and weak by dashed. Second
order processes obviously can play an important role in exciting two-phonon
states.
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We are working in Berkeley on a novel method which will handle higher

9

order processes.” Again we take as an example the (t,p) reaction. On the left

of Fig. 10 the triton-channels are depicted, and_ t for example denotes the

1’
whclevcollection cf channel quantum numberS'including the internalvnuclear
quantum numbers'as well asbthcse describing the relative'mction in the channel.
The arrows denote’the”feeding.of this channel by inelasfic scattering_from the
grddnd; and ctner exclted.states.r Tne equation describing the triton motion
in this channel is shown,' If the rightvside‘of this equation were zéro} it
would describe tne steady-state elasnic scattering from‘the excifed state. The
_sounce terms represenf the inelastic prQCessesf' Thej couple the various triton
";_channels. These are the usual coupled channel equations. They are to be solved
susgect to the phy51cal conditions that there is a beam from the- accelerator in ..
the ground channel ~and at the most only outgoing waves in other channels

On the right we depict the channels in the residual proton system.
Looking at a partlcular one of them, say pl,.lt is fed by 1nelastlc processes
from other proton channels, but as well as that, it may be fed by the transfer
.reactlon taklng place in the various trlton channels ~ Which of these contributes
and with Enazeintensity, is a question of parentage and correlations such as
earlier discussed. | |

The form of the source term»forAa given triton channel leading to the
proton channel in question is shownl The equation go&erning the motion of the
" proton in this channel is shoWn in the figure. It COntains‘source tenms ccrree
sponding to all the arrdws, and it is coupled to all the other‘protcn channels.
It must'be solved subject to the boundary condltion fhat there are only outgoing
protons. The amplitude-of the outgoing waves yields directly the S-matrix elef’

ments from which the (t,p) cross sectionvcan be calculated in the usual Way.




t+A — p+ (A+2)

FE
(Tx,+V_Ef|)ut| 2 Ve s Uy F’I
U~ L 8 a5 Su Or -
ol (Tp|+.v —Ep')vpl=—2p\/.plpflfp—§,/p'; l
G e
Up — prbop.

XBL68S - 2694

Fig. 10. -On the left t+A channels are illustrated. Attention is concentrated on channel t. which
is fed by inelastic transitions from other channels. The equation describing the tritod motion
is shown. On the right the proton channel Py is fed by transfer reactions as well as by in-
elastic transitions from other channels which themselyes have already been fed by transfer re-
actions. The transfer source terms are denoted by ,J and their structure is shown.’

¢22gT-Taon
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To summarize, -we mﬁstysolveva set of coupled eguations describing the
inelastic scattering ip the tritqn;targét system. These solutions are used to.
construét the proton source térms-arising from the transfer reactions. Finally'
the coupled equations;@escribing the proton motion are solved. |

Thié ﬁethpd.cééputesYtheuinelastic'scatﬁéring effects to all ordéfs
among the rétained'ch;ﬁnels, and treats the trénsfer process, as the weak pro-

‘cesse 1t is, oﬁly in first order. It i; easily verified that if WeldrOp all the
sources corfeSponding to inelastic proceésés, we retriéve the DWBA to the transfer'
‘reaction. This alléws us tb check_all details of the cohstrucfion of the transfgr

source terms, down to. the lést_faétor of .
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