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D. L. Hendrie, H. Homeyer,+ W. von Oertzen, and
M. A. Nagarajan
Lawrence Berkeley Laboratory
University of California
Berkeley, Celifornia 94720

-February 1973

Abstract:
Data. are presented for single proton transfer reactions

208Pb at high bombarding energies.

induced by l?C and l6O ions on
Analysis using no-recoil DWBA yiélds spectroscopic factors in
marked disagreement with light ion resﬁlts. Analysis using

DWBA_theory including first order recoil corrections indicates

that the discrepancies are largely, if not entirely, the result

of ignoring recoil effects.

At pfesent it is the uncertainties in reaction theories for heavyvibnsﬁw
which have to é large extent thus far limited the spectroScopic information |
obtainable from heavy ion transfer reactionsﬁl’? These uncertainties mainly
concern the question of the validity of éoﬁe of the approximations used in

3,4,5,

in particular the "no-recoil" approximation.
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The DWBA transition amplitude for a transfer reaction,

(e; +p) ¥ ey ——>0cp * (cy + p) _ ' o (1),
_ ;
ay ) a,

can be written as;

-)¥ + '
= far; for, X\ (kporp) Cape, [V]aje, ) X )(lfi’fi) | (2)

where X are the distorted waves and the matrix element:is the form factor.

>

Computation of the six dimensional integral is lengthy” and is usually reduced

R

to a simpler three dimensional integral using the no-recoil approximation, i.e.,

g or-(mMdn < oro | (3)
and,
r. = (Mce/Mag)gf (mp/Mag)l;l ~ _(Mcz/Ma2)§ , (&)

and Chs and r. and r 'ére the vectors

where r is the vector between the cores c 1

1

connecting the ﬁransferred particle, p, in & and 32'to the cores cl and Cys

respectively. The validity of this approximation is questionable for many

3,5

reactions. In particular it can be shown that, because they are vectors,

the inclusion of the recoil terms (i.e., the neglected terms of order

(mp/MC)rl) has the effect of introducing additional angular momentum

5,6 In

transfer which may significantly change the calculated cross section.
~ the present'study we show that the contributions arising frowm the recoil terms:

are important and that their effects can be predicted by a simple first order

treatment.
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proton transfér reactions induced by either 120 or O.f In the 140 MeV ~0
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The reactions (12¢,11B) at 78 MeV and (100,%°N) at 104 MeV and 140 MeV

on 208Pb were studied using the magnetic spectrometer at the Lawrence Berkeley

Laboratory;88-inch.cyclot:on.7 Sample spectra for (160,15N) are shown in
209

Fig. 1. The proton single particle states in Bi, which dominate the spectra,
are populated with different relative intensities at the different l60 bombard-
ing energies. As noted previouSly,8 the j = 2 + 1/2(= j,) final states are

populated more strongly than the j = £ - 1/2(= J_) states in the single

16 16

reaction this feature is much less pronounced than at the lower bombarding

“energy.

The differential cross sections extracted were analyzed with no-recoil

9510 4nd the distorted wave code DWUCK_.ll

DWBAh?g using finite range form factors
Optical model parameters were deduced from fitting elastic scattering and
bound state parasmeters were taken from the literature.l? The fits to the

angular distributions are shown by the solid lines in Fig. 2. The DWBA cross

sections have the correct shapes, but are shifted back in angle for states

at higher excitation, contrary to experiment. These shifts are largest in

the 78 MeV l2C reaction, noticeablé in the th MeV 160 reaction, and not -

detectable in the 140 MeV l60 reaction. The shapes of the angular distri-

l2c,ll

butions for ( B) are sufficient to show an L dependence: at large anglés

the larger L transfers drop more rapidly than the smaller L transfers.

DWBA predicts this L-dependence for all but the i state (L = 5,7) whose

13/2

steep drop is not reproduced.
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’

Relative"Spectroscopicffactors obtained from fitting thevintegrated
cross sections (shown in the figures as dashed curves) are listed in Table I -

. _ . . . Lo -
together with the L transfer allowed in the no-recoil formalism. Spectro- 7

16 15)

. . 209 . .
scopic factors from the ( reaction for the j< states in 9B1 uni-

formly exceed those for the j, states (by a factor of VL4 at 104 MeV and

12 ll

" 8 at 140 MeV). In contrast, those for the j  states from the (™ B)

reaction arevabout half those deduced for the j> states. The results of
no-recoil DWBA analysis are: 1) It is not possible to obtain consistent
spectroscopic factors simultaneously for both j_ and j> states for either

reaction. .2) Spectroscopic factors for the j< and j> states obtained in

12 16 . s .
the C and 0 reactions show opposite deviations. 3) Discrepancies in

the spectroscopic factors for the 16O reactions increase w1th increasing

" bombarding energies. These results are rather insensitive to variations in

16 lSN) (12 11

optical model and bound state parameters. The ( C, " B) reactlons

on nuclei A = 50 to 100 show similar results.2*813

To investigate the importance of recoil effects,we have extracted

spectroscopic factors using a DWBA theory which includes first order fecoil

corrections in the framework of no-recoil DWRA. A Ta&lor expansion is made
of X(+)(k ,rl) keeplng terms of the order (m /M )r The corresponding |

terms in the expansion of x( ) (kf,r ) are negleifed here since mp << Mc .
The tranefer cross section then contains first order correction terms wﬁich
are added coherently to the ﬁormal no-recoil transition amplitudes and can A

be written schematically as;
do 2 - |
FolinexrP - Tinex(Te )

L
L LR
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The no-recoil transition amplitude, TL’ obeys the usual~no~r¢coil selection

rules. The recoil correction term, T', in a general pefturbative treatment

would be composed of several no-recoil transition amplitudes_calculated with

several different L transfers. In this first order treatment the number of

transition amplitudes used to evaluate the recoil:correétion term.is greatly -

reduced and only a single transition amplitude (for LR-= 22) is needed. The

coefficient K contains a mass factor (m.p/Ma ), the wave number, k,, at the
. 1 _ o
interaction distance, and a nuclear overlap integral.6 "Under the approximation

of a.wéakly bound final state (made in this calculation) K can be written as;

K = ki(‘mp/Mal)(2£l + l)-/K«?_ , o (6)
where K2 is the bound state decay constant for the final state.
2 ~ 10 9)s

the recoil corrections in this treatment will clearly be most important for

Since large L transfers are favored in our reactidns (e.g., O

those cases where L is larger than the allowed no-recoil L transfer. Using -

R
the L selection_rulesy one can predict that the recoil contributions will be

important for the (160,15N) transfers to the j< states (LR > L), but not so

12C,llB)‘trans-- '

importent in the transfer to the j sta.tes..(LR <L). In the (
fers the recoil corrections will make only small changes in the cross séctionsr
for both the j< and.j> states since LR <L, and significant recoil effects

appear only through the.interference (5}). The magriitude of the recoil effects

‘also depends on the size of the coefficient K which is determined by the mass

transferred, the binding energy of the final state populated, -and the bombarding
energy. It should also be noted that in first order”LR violates the parity

selection rule of no-recoil DWBA theory.
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DWBA cross sections weré,calculatéd as outlined above ﬁsing.finite "
range form factors with DWUCK. The shapes of_the anguigr_distributions are
nearly the same as those obtained from no—recoil‘calculations. The relative
sﬁectroscopic'factoré extracted aré liSted in Table I together with the L
transfer and tﬁe:L uéed to calculate thé.recqil correction terms. The

R
effect of the recoil corrections is to significantly reduce the differences
in the spectroscopic factors for the j< and j> states in both the'lzc and';60
induced reactions. While there are still problems, such as the predicted

energy dependence of the (160,ls

N) traﬁsfers to the j  states, the agréemehf
- with the light iqn results is much improved. EQen better agreement is pro-
bably hindered by the approximations made in the present treatment. Most
serious is our épprokimation fdr the.OQerlap integrai which‘is valid only .
for weakly bound states.6 Nevertheless, the results demonstrate that the
largest part of the discrepancies can be removed by including recoii effects.
We conclude ffom our study tﬁat fecoil effects in heavy ion transfer

reactions can be large and that they must be treated properly.before.

spectroscopic information can be extracted reliably.

-
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Table I.

Spectroscopic factors obtained from analysis using no-recoil
DWBA and no-recoil DWBA including recoil effects in first order.

No-Recoil Spectroscopic Factors

Recoil Spectroscopic Factors (First Order)

respectively.

®Normalization factors obtained by normalizing these spectroscopic factors to unity.

Ex nlj 16 15 _.a 12, 11_.b 16, 15,8 12, 115b
(MeV) (_0,°N) ( c,. B) (C 0, °N) (C°Cc,"B) Gie.q)
L 104 MeV 140 MeV L 78 MeV L 104 MeV 140 MeV L 78 MeV Ref. 1k

0.00 | 1ng,, |4 | 3.0 3.84  |4,6 |0.63 |L,(5)¢] 1.32 1.28 |u,(5)%,6 | 0.78 | 1.00

0.90 2f7/2 L {0.80 0.48 2,4 | 0.99 | (3),4 | 1.00° 0.57 2,(3),4 1.00°¢ 1f12

1.61 | 1i,5,,| T |0.66 o.ko |5,7 |0.86 |(6),7 0.80 0.48 15,(6),7 | 0.86 | 0.94

2.8l 2f5/2 2 ] 3.20 3.20 2,4 | 0.56 |2,(3) 1.12 0.77 2,(3),b 0.75 1.1k

3.12 3p3-/2 2 10.92 0.48 0,2 |1.56 | (1}),2 1.28 0.59 0,(1),2 1.72 1.08

3.6k 3Py /5| © 2.80 L. 80 2 o.k7 1 0,(2) 0.82 0.8k (1),2 0.66 0.7-0.9

' a’(b)Normalization factor N = 1.25(3.20) used in obtaining (160;15N) ana (*%c,MB) spectroscopic factors,

d'I‘he L values in parentheses are the LR used in recoil corrections. The others are those allowed in

no-recoil DWBA theory.

‘ 91'(9'['7'13'1
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FIGURE CAPTIONS

1. Spectra obtained for th_ 208» (16 15 )20931 reaction at l60‘ehergie37

of th MeV and lﬁO MeV. The proton 51ngle—partlcle states are . labelled by

thelr shell model orbltals..
16 15 )

2. The predlcted DWBA cross sectlons for the. ( transfers to
the six proton s1ngle—partlcle states in 09B1 are shqwn by the solid .
curves. The dashed curveS'afeethe DWBA predietions shifted so as to fit

the integrated cross sections.
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