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Abstract

The effect of breakup on the elastié deuteron-nucleus scattering elements
Si,Lf is calc¢ulated numerically for deuterons incident on 6L*Ni for the enérgies
of 13, 21.6 and 45 Mév. The S's are decomposed into central, spin orbit and
tensor components. All three are affected strongly by breakup, and so are the

various polarization angular distributions.

The calculation proceeds in second order distorted wave Born approxima--

tion and includes breakup energies up to ‘4O MeV divided into two bins. Three

“values of the neutron-proton relative angular momenta j=1, 2 and 3 are-

included. The n=p potential is that of-Reid, and the nucleon-nucleus optical'

potential is that of Becchetti and Greenlees,

Comparison with experiment at 45 MeV for d9/dQ and i Trl 1s presented.

f

1. The Physical Background

1t is easy to see that the deuteron should "stretch" as it passes by the
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vicinity of the ngcleus.' The étretching is due to the fact that the attrac-
tion which the nucieus exefts'on one of the nucleons isvdifferent from that on
the other nucleon if the two nﬁcleohs aré‘not at the same distance from the
nﬁcleus. Since the deuteron is a "large" objeét, such attraction differen-
tials-ére quite likely, and stretching takes place with a probability which
depends on whether the nucleons in the deuteron havevor not the time to adjust
their prbits during the collision process. It is also qﬁite plausible frdﬁ
the geometry of the collision that the stretching should be into an oblong

shape rather than into a spherically symmetric "breathing" deformation.

The usual way to describe stretching is to expand the deuteron internal
wave function into a complete set of states, and then solve equations for the
~coefficients of the expansion. In our case we choose the wave functions to be

eigenstates of the neutron-proton hamiltonian Hﬂ?' Since.theldeutérbn ha§
oniy one ‘bound state, stretching implies that breakup states With‘positive
cqﬁtinuous n-p relative energies'aré involved in the.expansion, and spheri-
éally asymmetfic stretching implies that n-p relative orbital angular momenta.
*ﬁf’different from zero- also occur.  Such angular moﬁgnta are already present
as a result of fhe n-p tensor interaction, but in our case their presence is

mainly due to the fact that the sum of the neutron-nucleus plus proton nucleus

. ' > > >
optical potentials, V), when expressed in the coordinates R = (rn + rp)/2 and

e :

. . . . >
r= rn-—rp, is a function of the direction of r,

5 2, 4 . . :
Uy (E,R) = V() + Vi, (r) A (1)
3 I A - ’
The r dependence of Vy for fixed R then causes transitions between bound and

continuum states of the n-p system, y0b(r).and (Pk(r), respectively as well

as transitions between Spk' and %pk' The R dependent matrix elements



f‘fk(x?)vﬁ(?,i)‘{’b(?)fr =V, (R) @

then serve as coupling potentials for the system of equations which describe

S .
the breakup probability amplitude F(k,R) in each momentum bin of size Ak.

After averaging of the various coupling and distorting potentials is
carried out, the coupled equations in the F's are not much different from con-
ventional coupled equations in which the deuteron breakup states are replaced

by discrete "excited" states of certain energies and internal angular momentum

=
values j.

Various theoretical calculations along these”linesihave been carried out

in the past. That of Johnson and Soperl) stands out because it is very suc-

cessful in including the effect of breakup on stripping or pick up cross

5 ’ '
sections. Keaton et al. ) weB) and also Norman Austernh’5), among others,

have spent a good deal of effort on this problem. The main difficulty is in

 how to do a realistic three body calculation and yet not to stray too far from

DWBA procedures whichvére numerically well understood and .not as‘complicated
as the Faddeev based methods. The continuum‘nature of -the excitations leads
to complicatiohs having to do with the aVeréging procedure, particularly at
large values of R. The difference between Austern's g?oup and oﬁrs is the care
with which the. averaging of these WAVé functions is performed, and also how
realistically the nucleon-nucleus input potentials are chosen. We are Very
simplistid in our averaging meﬁhod, we use large bin sizes and we do not yet
couple one continuum bin to the other. But we use experimental Woods Sa;on
shaped nucleon-nucleus opticél potentials, we allow neutron-proton relative

angular momentum values fLeof 0, 2h and L4h, and lately in the calcuiations

" with spin we use Reid's realistic nucleon-nucleon potentials with tensor inter-



actidn. AS'aiready mentioned, the Pittsburgh.group ﬁses‘more andnsmallér
momenﬁum bins, a ca?eful:asymptoﬁic averaging procedure, but unrealistic gauss-=
ian nucleoﬁ'optical potentials and fl=0 only. They have as their main goal the
_ purpose of examining the viability of the method. They did demonstrate the
‘adequacy of the method, and they also showed ﬁha£ the coupiing between bins is
important since ﬁhe continuum to continuum éoupling matrix elements are very
large. Our two calculations complement each othef but none is yeﬁ good enough
to beé compared with experiment. As will be. éaid later on, aﬁart from computg—

tional inadequacies probably the major defect is the lack of allowance for the

Pauli exclusion effects.

Sometime in the fuﬁure it would be desirable to.do a model ﬁhreetﬁody cal-
. cuiation using exéct Faddeevlmethpds, or other méthodsé), and compare the
results with a careful calculation of the type we do. All the calculations
~mentioned up.td now do not incLude the spins of*the-nucleéns, and éurs was the'
only one which included the 17# O-excitdtions. When we found that the latter
are excited as stroﬂgly as the 17=.OAsﬁates,‘ﬁe realizea that breakup should
‘play an important role in the tensor‘pért of the deuteron nucleus interaction;
Since at the time the experimental tensor polarizations were very hard to fit
by.the phehomenolbgical'optical models, we were motivated to include spins

into our caléulation so as to be abie to make predictions.about the ténéor»
intefactidn and thé resulting tensor polarizations. As we shall see the

tensor interaétion is-indeed‘stfongly affepted by deuteron breakup, but we are

nd.%;mta&3£ofﬁwmed&&

2. Inclusion of Spin ' "

In order to understand the effeect of spin, it is convenient to review the



spinless case first. There tHe'internal spin angular momenta hj of the
"excited" dgutéfon states are equal to the felative n-p orbital angular momen—
tunl%be, and the total angular mohentumuﬁﬁ of the (n-p) system relative to the
nucleus is equal to the orbital angﬁlar-momentum‘ﬁLD brought in by the
deuteron. In the excited states the "deuteron" can have various orbital angu-
lar momenta'Li ranging from J + j tolJ‘e jl(from.LD +,( tolLD —.f{in the spin-
less case) and they get coupled tO'the incident LD_by the various multipole‘
comébnents A of the transition matrix element (2)»déscribed above, Thus if
for example 47= 2 andA,A = 2 then L; can differ from LD by two units. Hoﬂeyef
the excited channels all couple bgck to tHé same LD in the elastig channel

'since J cannot be changed by the ‘interaction. No tensor potentials are thus

produced.

Not s&‘in the case with spin. There for a given J, because the spin of
the deuteroﬁ is'unity, tﬁe elastic chaﬂnel has three values of LD and each can
be coupled by a,A # 0 transition potgntial to a Li in the excited state which
is different froﬁ Lb and then return tdAa L; in the elastic channel‘whfch now
- need not be equal to LD. Fgr-examplé, if J = 10 and LD = 9, Li can be 9 or li
(not 8 for parity reasons if the neutronFnuéleus and proton-nucleus optical
pqtentials are assuﬁed to be equal) and the return step from Ly = 9 can pro-
ceed to thé elastic values of Ly of 9 or 11. The excitation of the LB =11
wave, even though initially only LD =9 was assumed present, 1s equivalent to
‘the effect of a deuteron nucleus tensor interaction, i.e., the off diagonal
elements Si,L' of - the elastic~scat£ering matrix are indicétive of tensor
forces. The diagonal components of the scattering matrix elements can also be
affected by breakup, and these corrections can be due to the'combined'effect

of added central, spin orbit or tensor potentials. The extent to which each

contributes can be found out from the J dependence of the diagonal scattering

_5..



matrix element. For examplé a iﬁ% interactioh leads to a characteristic

J dependence, whilevphe central interactioﬁ has no J dependence. Thus the

LD = 9:w§ve is present in the J =u8, 9; aﬁd 16 angular momentum céses, and

the effect of breakup for each J may be different, in part bedause the Green's
functions are'J dependent, in part because different'intermediate stétes can
‘be ;eached according to‘the value of J: Formally the separation of SiL into
central spin orbit and ‘tensor parts Sy(L), S;gq(L) and ST(L) réspectively can

be accomplished by writing

J

571 = 86(L) + <(s1)a [(£-8)] (sL)a> s (L)

+<(sL)Jd T I(sL)J> Sp(L) _ ' o - (3)

: J
This equation can be solved:for SC’ SL-S’ and ST in terms of SLL by using the

orthogonality of the 3j symbols implicit in the matrix elements of the opera-
. '
tor I'S and T in Eq. (2).

3. Numerical Results

,»'In order to obtain an idea of thé size of the. breakup correction on tﬁe
central, spin orbit and tensor parts of the deuteron nucleus interaétion
we did a numerical calculation of deuterons incident on the nucleus-of Nickel
at the enefgies-of 13, 21.6 and 45 MeV7). The ‘effect of breakup on the
elastic scattering matrix élements Si 7 is éalculated in seconq order dis—A

pLD
torted wave Born approximation7) with two breakup. momentum bins presenﬁ'
(bin 1 and 2) and three values ofAn—p relative angular momentum states j = l,"
2 and 3. The Breakup energies in ﬁhe two momentum bins range from Ol-lO.MeV
and 10 MeV —_AO'MeV, respectively. The values of ,( involved fof the three
Jj values are Y= O and 2 for j =135 2 fog%j = 25and 2 and 4 for j = 4. _The :

n-p breakup states for which the,f =2 component has the‘largéét amplitude



are collected into_set-l, also denoted as the "quadrupole" set, while the

others are'collectedAinto set. 2. The nucleon-nucleus optical potential parém—

8)

eters are taken from Greenlees and Bechetti

9)

and the n-p relative wave func-
tions are calculated’’ by means of Reid soft core potentials one for each
j=1, 2, and 3. The breakup matrix elements (2) involve a great deal of

angular momentum algebra, as is described in Ref. 9.

The results for the -off diagonal values of SJ'are shown in Fig. 1.

Only the absolute”values are shown. Thetpoints labeled "Watanabe' .indi-
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cate phe result in the abséﬁce:of breakup; The word is quife sultable beéausé
the deuteron optiéal’poﬁentials are the M"static" folding potentials fifst
suggested by Watanabelo). One sees that breakup approx1mately doubles the
magnitude of the off diagonal matrlx elements in the surface region dnd also
that set 1 has a larger effect than set 2. Which of the values of L belong<
to the surface region can be seen from the graph of‘phe.absolute value of the

diagohal scattering matrix elements, usually denoted as reflection coeffi-

cients. These are shown in Figs. 2 and 3. One notices that-breakﬁp decreases
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the reflection coefficients for the lérge L values, i.e., absorption is en-
hanced. This is quite reasonable since breakup provides additionél absorp-
“tion channels and its effeét should extend to large'disﬁances. However it
may be surprisiné that‘absorption is decreased at small distances, This may
be understood as the_propagation of the broken‘up deuteron through the nucleus
and subsequent }ecombiﬁation into the elastip channel at the éuffgce. ‘Indeed,

5)

as the Pittsburgh.group has pointed out”’, breakup plays a large role in the
nuclear interior. (This conclusibn was arrived at by comparing two calcula;
tions withfﬁifferent imaginary optical potentials in.the elastic -channel).
These results and also the discussion made below show that it is important to
undefstand the propagation of a cérrélated neutron protonvsystem through

nuclear matter, in particular the effect which the presence of the other

nucleons have on such 'a propagation.

The effects of breakup on the centfal, spih orbit and tensor pérts'of

the diagonal S matrix elements are shown in Fig. 4 for'the'lB MeV case,_in'

T
Sy, o

.

-10-
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the form of Argand diagrams7). The ﬁip of the dashed arrows-represent the
values‘of S corrected for breakup, and the tail of the'arfdw is located at the-
uncorrected; i.e., Watanabe fesults. The numbers next to the arrows répfe—

sent the values of L. For cémparisdn optical modellvalues aré'also shown by -

the solid arrows. The optical model parameters are the ones obtained by

" Goddard and Haeberlill)

in a successful fit to the 5 quantities dv/dQ., T,
Tzd; Toqs T22 for 15 MeV deuterons sgattering on Ni 64. Theyll,givehﬁwé sets
| of éarameters, one in'which the deuteron-nucleus L-S potential is purely real,
the other in which a imaginary part is added. The former gives rise to ppints

lbcated‘a£ the start of the solid'arrow, thq latter to the tip of the arrow.
Lookiné again at the SC.pOrtion of-Fig. 4, the comparison between the theo-
retiéal‘and phenomenological values of S5 is gratifying for the sufface‘region
of L in paftidular if one considers that there are no free parameters in the
theoretical calcul;tion. One sees that breakup moves the Watanabe values into
| the 'optical model region, and for<someAL}s, noﬂébly L=6 the correction over-
shoots thaﬁ region. The large size of the L=6 dashed arrow shows that the
iteration of the effect of coupling is not converging for this L, i.e., the
second order DWBA correction is vefy'likely still quite different from the
'result given by a rigorous-soiutién of the coupled equations. Another feat-
ure of interest -is the displacement‘in L value between the theoretical and -
the phenomenological points. The thecoretical point for a given L is compara-
Ble with a.optical model point of a smaller L value, which indicates that.the
theoretical nucleus appears to have a largeriradial size than the phenomeno-
logical one. This ié borne out by comparing the Central parts of the
" Watanabe and of the phenomenological optical popéntialsll). The formér is
more‘diffuse and dgeper than the latter, but between 3 and 5 fm'the latter is

deeper. The above comment suggests that inclusion of antisymmetrization

-12-



éffects is very likely needed here,‘since'these effects reduce the size of
the deuteroh—nucleus potential. The comparison shown in Fig. L between the‘
optical médel and the theoretical Vaiués of the LS and T components of the
'elastic scattering:elements is not as satisﬁying as,ﬁhe'éomparisQn'béﬁWeen
the cénpral'parts. Nevertheless, the magniﬁudes of the respeétive values
afe approximately of the_éame order, and one sees that breakup has a large

effect on both SLuS and ST.‘

13 HeV 't @ Without Breakup
‘ Im Sc () x dich 2ad Graer Breakup Bia i
C(" NL 'l + Y%ith 2nd Order Breakup Zins (1+2)




In Fig. 5 the values of SC(L) are shown by means of Argand diagrams for
‘the three incident deuteron energies. The figure shows that the corrections

to the Watanabe scattering matrix elements (open circles) due to our second

0

order breakup calculation is about as large for the 13 MeV case as it is for
fhe 21.6 and theihB MeV cases. The_corrected valueé of SiL} however vary
'morebsmoothly with L ihe larger the energy. ,Also the effect.bf the secénd -
momentum bin is very much smaller .than ‘that of the first bin, at most 10 to
20% for the interior paftial waves. The relative importance of the first and
secbnd breakup bins may be related to the large difference between the Q A
values for'thevtwo bins. Tﬁe larger the average Q value of the bin the larger
is the difference between the.waveAnumber of the motion of the ¢, of m., of
the n-p pair in this bin compared to the wave number in the elastic chaﬁnel
and hence the smaller is the coupling interaction between these two channeis.
For the second momentum bin the Q:value is taken to be approximately 28 MeV,
while in the first‘bin it is about 7 MeV. The kinetic energy of the c.m. of

the broken'up pair in the second momentum bin is negative for ED = 13 and

21.6 MeV, and it is positive for Ey = 45 MeV.

110 T

T21 and T22. The comparison with experiment at the two lower energies is not

We have also calculated the angular distributions for do/ds, iT

ver& good, but improves at the higher enefgies; Thé’reason is, at least in
part, to be attributed to the large effect which Breakup makes on the scat- .
tering elements,.and hence our second order treatment is likely to be inade-
quate. A complete solution of the coupled equations is‘required before com—
pariéoﬁ with experiﬁent is jﬁstified. The angular distribution for d77/d 4L

(diQided by the Rutherford cross section) and iTll is shown in Figs. 6 and 7.
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The data are for 45 MeV deuterons incident on 58Ni, obtained by Stephenéon

et a1l?),

The figures illustrate~that the breakup modifies the curves so as to
reduce the disagreement‘With experimént cbmpared with the Watanabe curves.-
However, the final theofetidal aﬂgular distributidns are shifted forewards
rélative to experiment, again indicating:fhat the theoretical‘nucléus is too
large in size. A Argand plot of thé scaﬁteriﬁg matrik-eléments_for the opti-
cal model éalculation based'on_parameters given by Stephenson et 3112), when

‘compafed with the Argand plot of the theoretical-valueé of SC(L), agéin shows
that the the&reticél‘S's are displaced up in L relative to the phenomeno-
logical S's. The displacement is by abbut oﬂe unit of L; ior gxample,

Sp(L=13) corresponds to SQPT.MOD (L=14).

4. " Summary and Conclusions

Firét'of all, our calculations support the conclusions.alreédy reached
preViously that breékup gives a large,éfféct to the folding or Watanabe model
.of.the déuieron nucleus interaétion.- The corrections aré large not only fort
the central parts Qf the deuteron nucleus interaction, bﬁt we show that the
L-S and tensor parts are aisq strodgly affected, particularly the latter,
The Spheriqally asymmetric breakup states play a large role here. It is thus
possible that effects involviﬁg spin will be ver& usefui in identifying the
rolé of breakup on the deﬁféron nucleus inﬁeractién. They might even enable
one to diétinguish between'the various processes whiéh‘affect tﬁe'deuteron
nucleus interaction, such as inelastié.nﬁclear excitation, reéfranéement pro—.
cesses and breakup. This is puré speculation at this point, but each of
these'effects-has,an energy and angular momentum dependence which may bé

peculiar to its physical nature.

16~



The presentAcélculations'are still quite'primiﬁive and a good deal of
3additional.effort appears needed. Apart from thé obvioué ﬁeed of using more
finely divided bins and of rigorougly including the coupling between bins,‘
probably the qu most imporﬁant effects reduired to be included simultaneously
are 1. antisymmetrization with the nucleons in the nucleus, 2. energy depen-
dencé of the nuciednjnﬁcleus interaction.

The need for antisymmetrization is shown by the fac£ that for the small
values bf'L the absorption cpefficients are'nét less than about 0.1. This
" means that the pfopagation éf the déuteron through the nuclear interibr, where
éntisymmeirization is-important gives substantial contributions ﬁo the elastic‘
deuterbn nucleus interaétioﬁ. Furthermore, the Paqli_exclusion principle
also gives rise to breakuplB) and to additiongl tensor interactionslB). It
is,thﬁs péssible that one may learn a good deal about}the cofrolaﬁions-of
nuclebns in the nuclear interior from the study of deuteron-nucleus interac-
tionélh). | |

. The eﬁergy dependence of the nucleon—nﬁcleus interacﬁion comes into play
in éevéral places. For situationé}in which one of the nucleons ﬁas negaﬁive
~ehergies one obtains the stripping portion of the wave function of the A+2
systém,'left out from the preseﬁt type of'brgakup calculatioﬁ. For ﬁhese
. energieé'the imaginary part of the éptical potential becomés zero, As this
conference:for exgmple'shows, such effects‘are very important for the reac-
tion mechanisms.

Another case in point occurs for the high momentum bins for large inci-
dent deuteron energiés. The enérgy of each nucleon relative to the nucleus
wili then vary over a }arge range depgnding on the direction of internal
motion‘of the‘erkeﬁ up pair relative to the m@ﬁioh of its centér of mass,

and the nucleon optical potential should vary accordingly.

e



In conclusion, the deuteron nucleus interaction involves essentially the

propagation of a correlated nucleon pair through a region of nuclear matter, -
~and may, in the long run, provide a rich source of information about the

corrolations of the nucleons in the nucleus.

References

1. R. C. Johnson and P. J. Soper, Phys. Rev. C1 (1970) 9761
2. P; W. Keéton; Jr., and D, D, Armstrbng, Phys. Rev. C8 (1973) 1692.
3. G. H..Rawitséher, Phys. hev. €9 (1974) 2210.

| L. -J. P. Férrell, Jr.; C. M. Vincent and N. Austern, Ann. Phys. (N.Y.) Qé. .
(19765 333; N. Austern, C. M. Vincent and J. P. Farrell, Jr., Ann. Phys .
(N.Y.) to be published. |

5. ﬁ.-Austhn; J. P. Farrgll, Jr;, K? Kabir and C. M. Vincent, preprint frbm

| Aﬁhe University of Pittsburgh. |

6. E. F. Redish, "Mddern Three Hadron Physics", ed..by A. W. Thomas (Springer,
Berlin, 1977) pl8l; D. P. Bouldin and F. S. Levin, Nucl. Phys. A189 (1972)
4L99; W. G18ckle and R. Offerman; Phys. Rev. C16 (1977) 2039; S. P.
1Mer‘kﬁriev,.-C-. Gignoux énd‘A. Léverne; Ann. Phys. (N.Y.) 99 (1976) 30.“

7. G. H. Réwitschep and S. N. Mﬁkherjeé, Ann. Phys. (N.Y.) to be. published;
C,.H.'Rawitscher and.S. N. Mukherjee; Phys. Rev. Lett. LO (1978) 1486.

8. F. D. Becchetti and G. W. Greenlees, Phys. Rev. 182 (1969)'1190.

9. G. H. Rawitscher and D. C. Wright, submitted to Ann. Phys. (N.Y.).

10. S. Watanabe, Nucl. Phys. 8 (1958) L8L. |

11. R. P. Goddard and W. Haeberli, Phys. Rev. Lett., Qg (1978) 701; R. P.
| Goddard, private cbmmuniéation. _Séé also H. R. Bprgi, W. Gruebler, P. 4.
Séhmelzbacﬁ, V.-Konig, R. Risler and Ef Jenny, Nucl. Phys., to be pub-

RT
boed

lished. =

-18-



[

K]

-

12, E. J. Step?ensdn, H. ‘E. Conzett, G. Delic, B. T. Leemann and B. A.

13.

14.

Robson, Bull. Am. Phys. Soc. 22, (1977).587; E. J. Stephenson, Ph.D.
Thesis, Univ.. of Wisconsin, Madison (1975), unpublished; and E. J.

Stephenson, private communication.

B. L. Gambhir and J. J. Griffin, Phys. Rev. C7 (1973) 590; W. S. Pong

~and N. Austern, Amn. Phys. (N.Y.) 93, (1975) 369; A. A..Ioannides and

R. C. Johnson, Phys. Rev. C17 (1978) 1331.

F. Villars and Junkin,‘Ann. Phys. (N.Y.) 45 (1967) 93.

K _19_'



