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Abstract . .

. The effect of breakup on the elastic deuteron-nucleus scattering elements 

£>1,1' is calculated numerically for deuterons incident on ^^Ni for the energies 

of 13, 21.6 and 45 MeV. 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 40 MeV divided into two bins. Three 

values of the neutron-proton relative angular momenta j = l, 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 dQ'/dH and i T^ is presented.

1. The Physical Background . ■

It is easy to see that the deuteron should ’’stretch" as it passes by the
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vicinity of the nucleus. The stretching is due to the fact that the attrac­

tion which the nucleus exerts on one of the nucleons is different from that on 

the other nucleon if the two nucleons are not at the same distance from the 

nucleus. Since the deuteron is a "large" object, such attraction differen­

tials are quite likely, and stretching takes place with a probability which 

depends on whether the nucleons in the deuteron have or not the time to adjust 

their orbits during the collision process. It is also quite plausible from 

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 H Since the deuteron has

only one bound state, stretching implies that breakup states with positive

continuous n-p relative energies are involved in the expansion, and spheri- .

cally asymmetric stretching implies that n-p relative orbital angular momenta:

different from zero also occur. Such angular momenta are already present

as a result of the 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

■ ~3>optical potentials, V^, when expressed in the coordinates R = (rn + rp)/2 and
—* ^ .
r = r -r , is a function of the direction of r, •

n *pJ

Vn(?,R) =• Vn_A(rn) + V A(r ) . (1)

The r dependence of V^j for fixed R then causes transitions between bound and 

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

as transitions between The R dependent matrix elements
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^(r) = Vkb(R) (2)

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

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 lines- have been carried out ' 

in the past. That of Johnson and Soper^ stands out because it is very suc­

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

sections. Keaton et al. we^; and also Norman Austern4j? , 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 which are numerically well understood and not as complicated 

as the Faddeev based.methods. The continuum nature of the excitations leads 

to complications having to do with the averaging procedure, particularly at 

large values of R. The difference between Austern's group and ours is the care 

with which the- averaging of these wave functions is performed, and also how 

realistically the nucleon-nucleus input potentials are chosen. We are very 

simplistic in our averaging method, we use large bin sizes and we do not yet 

couple one continuum bin to the other. But we use experimental Woods Saxon 

shaped nucleon-nucleus optical potentials, we- allow neutron-proton relative 

angular momentum values fi£of 0, 2h and i+h, and .lately in the calculations _ 

with spin we use Reid's realistic nucleon-nucleon potentials with tensor inter­
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action. As-already mentioned/ the Pittsburgh group uses'more and smaller 

momentum bins, a careful asymptotic averaging procedure, but unrealistic gauss­

ian nucleon optical potentials and t = 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 that the coupling between bins is 

important since the continuum to continuum coupling matrix elements are very 

large. Our two calculations complement each other but none is yet good enough 

to be compared with experiment. As will be said later on, apart from computa­

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

Pauli exclusion effects.

Sometime in the future it would be desirable to do a model three body cal­

culation using exact Faddeev methods, or other methods^, and compare the 

■results with a careful calculation of the type we do. All the calculations 

mentioned up to now do not include the spins of the nucleons, and ours was the 

only one which included the l 0 excitations. When we found that the latter 

are excited as strongly as the ^=0 states, we realized that breakup should 

play an important role in the tensor part of the deuteron nucleus interaction. 

Since at the time the experimental tensor polarizations were, very hard to fit 

by the phenomenological optical models, we were motivated to include spins 

into our calculation so as to be able to make predictions about the tensor- 

interaction and the resulting tensor polarizations. As we shall see the 

tensor interaction is- indeed strongly affected by deuteron breakup, but we are 

not as yet able to fit the data.

• ' -/;\4' ‘$4- '
2. Inclusion of Spin ®

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



spinless case first. There the internal spin angular momenta iij of the 

"excited" deuteron states are equal to the relative n-p orbital angular momen­

tum and the total angular momentumdij of the (n-p) system relative to the

nucleus is equal to the orbital angular momentum tiLp brought in by the 

deuteron. In the excited states the "deuteron" can have various orbital angu­

lar momenta ranging from J + j to|j - j|(from +/^ to)!^ - ,-/;|in the spin­

less case) and they get coupled to the incident by the various multipole

components A of the transition matrix element (2) described above. Thus if 

for example Jd = 2 and A = 2 then can differ from by two units. However'

the excited channels all couple back to the same Lp in the elastic channel 

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

produced.

Not so in the case with spin. There for a given J, because the spin of 

the deuteron is unity, the elastic channel has three values of and each can 

be coupled by a A 7^ 0 transition potential to a in the excited state which 

is different from and then return to a in the. elastic channel which now 

need not be equal to L^. For example, if J = 10. and = 9* Lj_ can be 9 or 11 

(not 8 for parity reasons if the neutron-nucleus and proton-nucleus optical 

potentials are assumed to be equal) and the return step from = 9 can pro­

ceed to the elastic values of of 9 or 11. The excitation of the = 11 

wave, even though initially only = 9 was assumed present, is equivalent to

the effect of a deuteron nucleus tensor interaction, i.e., the off diagonal
J .

elements S of the elastic•scattering matrix are indicative of tensor1j j 1j •

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
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matrix element. For example a L-S interaction leads to a characteristic 

J dependence, while the central interaction has no J dependence. Thus the 

Lq = -9' wave is present in the J = 8, 9, and 10 angular momentum cases, and 

the effect of breakup for each J may be different, in part because the Green's

functions are J dependent, in part because different intermediate states can
" ■ ' J .

be reached according to the value of J. Formally the separation of into

central spin orbit and tensor parts Sq(L), and Srp(L) respectively can

be accomplished by writing .

SLL = Sc(L) + <(SL)J|(L-S)j(SL)J> Sl>s(L)

+ <(sl)j|t1(sl)j> St(L) (3)

This equation can be solved for S^, and S,p in terms of S by using the 

orthogonality of the 3j symbols implicit in the matrix elements of the opera­

tor LS and T in Eq. (2).

3. Numerical Results

. In order to obtain an idea of the size of the. breakup correction on the ,

central, spin orbit and tensor parts of the deuteron nucleus interaction ■

we did a numerical calculation of deuterons incident on the nucleus of Nickel

7)at the energies of 13, 21.6 and 45 MeV . The effect of breakup on the
' J ' ■

elastic scattering matrix elements S, Trr is calculated in second order dis-
LDijD •

7)torted wave Born approximation with two breakup- momentum bins present

(bin 1 and 2) and three values of n-p relative angular momentum states j = 1,

2 and 3. The breakup energies in the two momentum bins range from 0-10 MeV

and 10 MeV - 40 MeV, respectively. The values of involved for the three

j values are J? = 0 and 2 for j = 1J 2 forG-j = 2*and 2 and 4 for j = 4. The
• w . ■> ' •

n-p breakup states for which the ^ = 2 component has the largest amplitude
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are collected into set 1, also denoted as the "quadrupole" set, while the 

others are collected into set. 2. The nucleon-nucleus optical potential param-

8) '
eters are taken from Greenlees and Bechetti and the n-p relative wave func-

9)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 are shown in Fig. 1.

Only the absolute values are shown. The points labeled "Watanabe" indi-

21.6 MeV
x

1.3 MeV
- - WATANA3E

------- Bin 1+2, Set (i+2)

\ *

\H
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cate the result in the. absence of breakup. The word is quite suitable because 

the deuteron optical potentials are the nstatic" folding potentials first 

suggested by Watanabe'^. One sees that breakup approximately doubles the 

magnitude of the off diagonal matrix elements in the surface region and 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 the. absolute value of the 

diagonal scattering matrix elements, usually denoted as reflection coeffi­

cients. These are shown in Figs. 2 and 3. One notices that breakup decreases

21.6 MeV

- - WATANABE

Bin 1, Seta (l + 2)

0,6 -

J = L-
—' 0.2

J = L+l

Fig. 2
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13 MeV

0.8

J = L-l

J= L+ l

Fig. 3
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the reflection coefficients' for the large L values, i.e., absorption is en­

hanced. This is quite reasonable since breakup provides additional absorp­

tion channels arid its effect should extend'to large distances. Hov/ever it 

may be surprising that absorption is decreased at small distances. This may 

be understood as the. propagation of the broken up deuteron through the nucleus

and subsequent recombination into the elastic channel at the surface. Indeed,

5)as the Pittsburgh group has pointed out. , breakup plays a large role in. the 

nuclear interior. (This conclusion was arrived at by comparing two calcula­

tions with.different imaginary optical potentials in the elastic channel). 

These results and also the discussion made below show that it is important to 

understand the propagation of a correlated neutron proton system 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 central, spin orbit and tensor parts of 

the diagonal S matrix elements are shown in Fig. 4 for the 13 MeV case, in
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7)the form of Argand diagrams . The tip of the dashed arrows represent the 

values of S corrected for breakup, and the tail of the arrow is located at the- 

uncorrected, i.e., Watanabe results. The numbers next to the arrows repre­

sent the values of L. For comparison optical model values are also shown by • 

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

Goddard and Haeberli ' in a successful fit to the 5 quantities do/dll, T, , 

^20> ^21* T22 for 15 MeV deuterons scattering on Ni 64. They’*’"'’, give two sets

of parameters, 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 points 

located'at the start of the solid arrow, the latter to the tip of the arrow. 

Looking again at the Sq portion of Fig. 4, the comparison between the' theo- • 

retical and phenomenological values of Sq is gratifying for the surface region 

of L in particular if one considers that there are no free parameters in the 

theoretical calculation. One sees that breakup moves the Watanabe values into 

the optical model region, and for some L's, notably L = 6 the correction over­

shoots that 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 very likely still quite different from the 

result given by a rigorous solution of the coupled equations. Another feat­

ure of interest is the displacement in L value between the theoretical and 

the phenomenological points. The theoretical 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 larger radial size than the phenomeno­

logical one. This is borne out by comparing the central parts of the 

Watanabe and of the phenomenological optical potentials'^. The former is 

more diffuse and deeper than the latter, but between 3 and 5 fm the latter is 

deeper. The. above comment suggests that inclusion of antisymmetrization
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effects is very likely needed here, since these effects reduce the size of 

the deuteron-nucleus potential. The comparison shown in Fig. 4 between the 

optical model and the theoretical values of the LS and T components of the 

elastic scattering- elements is not as satisfying as the comparison between 

the central parts. Nevertheless, the magnitudes of the respective values 

are approximately of the same order, and one sees that breakup has a large 

effect on both S^g and S,p.

- ,, v O Without Breakup •16 v —
■ liw '■L) x With 2nd Order, Breakup Bin i

] + With 2nd Order Breakup Bins (i+2)

1 1

Fig. 5
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In Fig. 5 the values of Sq(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 

order breakup calculation is about as large for the 13 MeV case as It is for 

the 21.6 and the. 45 MeV cases. The corrected values of however vary

more smoothly with L the larger the energy. Also the effect of the second 

momentum bin is very much smaller .than that of the first bin, at most 10 to 

20$ for the interior partial waves. The relative importance of the first and 

second breakup bins may be related to the large difference between the Q ' 

values for the two bins. The larger the average Q value of the bin the larger 

is the difference between the wave number of the motion of the c. of'm. of 

the n-p pair in this bin compared to the wave number in the elastic channel 

and hence the smaller is the coupling interaction between these two channels. 

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 = 13 and 

21.6 MeV, and it is positive for E^ = 45 MeV. .

We have also calculated the angular distributions for dr/dfi-, iT^j T2Q, 

T2^ and ^22’ ^'rie comPar'ison with experiment at the two lower energies is not 

very good, but improves at the higher energies. The' 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

parison with experiment is justified. The angular distribution for d'T/djH- 

(divided by the Rutherford cross section) and iT^^ is shown in Figs. 6 and 7.
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The data are for 45 MeV deuterons incident on 5%!^ obtained by Stephenson 

et al12).

The figures illustrate- that the breakup modifies the curves so as to .

reduce the disagreement' with experiment compared with the Watanabe curves. .

However, the final theoretical angular distributions are shifted forewards

relative to experiment, again indicating that the theoretical nucleus is too

large in size. A Argand plot of the scattering matrix elements for the opti-

12)cal model calculation based on parameters given by Stephenson et al , when 

compared with the Argand plot of the theoretical values of Sq(L), again shows 

that the theoretical S's are displaced up in L relative to the phenomeno­

logical S's. The displacement is by about one unit of L; for example,

Sq(L = 13) corresponds to Sqpt.mOD (l-14). .

4. ' Summary and Conclusions '

First of all, our calculations support the conclusions already reached 

previously that breakup gives a large effect to the folding or Watanabe model 

of the deuteron nucleus interaction.- The corrections are large not only for

the central parts of the deuteron nucleus interaction, but we show that the
' • * , .

L*S and tensor parts are also strongly affected, particularly the latter.

The spherically asymmetric breakup states play a large role here. It is thus, 

possible that effects involving spin will be very useful in identifying the 

role of breakup on the deuteron nucleus interaction. They might even enable 

one to distinguish between the various processes which'affect the deuteron 

nucleus interaction, such as inelastic, nuclear excitation, rearrangement pro­

cesses and breakup. This is pure speculation at this point, but each of 

these effects has an energy and angular momentum dependence which may be - 

peculiar to its physical nature. . • •
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The present calculations are still quite primitive and a good deal of 

additional effort appears needed. Apart from the obvious need of using more 

finely divided bins' and of rigorously including the coupling between bins, 

probably the two most important effects required to be included simultaneously 

are 1. alitisymmetrization with the nucleons in the nucleus, 2. energy depen­

dence of the nucleon-nucleus interaction. .

The need for antisymmetrization is shown by the fact that for the small 

values of L the absorption coefficients are'not less than about 0.1. This 

means that the propagation of the deuteron through the nuclear interior, where 

antisymmetrization is important gives substantial contributions to the elastic 

deuteron nucleus interaction. Furthermore, the Pauli exclusion principle 

also gives rise to breakup'^ and to additional tensor interactions'^. It 

is thus possible that one may learn a good deal about the correlations of 

nucleons in the nuclear interior from the study of deuteron-nucleus interac-’ 

tions^). . '

The energy dependence of the nucleon-nucleus interaction comes into play 

in several places. For situations in which one of the nucleons has negative 

energies one obtains the stripping portion of the wave function of the A + 2 . 

system, left out from the present type of breakup calculation. For these 

energies the imaginary part of the optical potential becomes zero. As this 

conference for example 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 energies. The energy of each nucleon relative to the nucleus 

will then vary over a large range depending on the direction of. internal 

motion of the broken up pair relative to the motion of its center of mass, 

and the nucleon optical potential should vary accordingly.
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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 

correlations of the-nucleons in the nucleus.
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