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54 62

The (IGO,ISN)Sand (IZC,]]B) Reactions on > 'Fe and °2Ni

~at £(1%) = 104 Mev and £('%C) = 78 Mev”

F. D, Becchefti."
Cyclotron Laboratory, Physics Department
The University of Michigan, Ann Arbor, Michigan 48105
and

Lawrehce Berkeley Laboratory, Berkeley, California 94720

and

B. G. Harvey, D. Kovar+, J. Mahoney, and M, S. Zisman' !t

Lawrence Berkeley Labofatory, Berkeley, California 94720

Nuclear Reactions > Fe('%0,7on), 62ni('%0,'5N), E = 104 mev; *Mre('2c,''s),
62Ni(IZC,IIB), E~= 78 MeV; measured c(Ef,e); DWBA analysis; 25¢o and 63Cu

levels deduced_j*values and spectroscopic factors. Resolution 100-200 keV.

Abstract: The (]2C,]]B) and (160,]5N) reactions on targets of 5l‘Fe and
62 '

Ni have been studied at bombarding energies far above the Coulomb
barrier: E(IZC) = 78 MeV and E(]60) = 104 MeV, respectively. The
reaétion mechanism appears to be direct and is adequately described
with the distorted-wave_Born approxima£ion, provided recoil effects
aré included. A comparison of heavy-ioh and light-ion analyses permits

j-~assignments to be made for some levels by utilizing the j-dependence

of the heavy-ion reactions,
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l. Introduction

This study of single nucleon transfers at energies well above the
Coulomb barrier was undeftakeh to test the validity of available heavy~ion
reaction theorieé.‘ The nuclei 5L'Fe and 62Ni were chosen as targets because

the final states accessible by the single proton transfers (]60;]5N) and

12, 11 . R .. _ :
("“c, 'B) include many di fferent spins: ]f7/2,.]f5/2,_2p3/2, 2p]/2, and

199/2. The']60 and ]2C beam energies selected give the same energy per

nucleon and hence similar kinematics. ‘ .

1
(]2 ]

Our initial analysis of the (]60,]5N) and C, B) reactions using

the no-recoil distorted-wave Born approximation (DWBA) has been reported

1)

previously, The j~dependence predicted by the DWBA selection rules was

confirmed, but the observed effect was a factorvof ~ 3 smaller than predjcted.

The failure of conventional DWBA has been ascribed to the no-recoil approxi-

_6)

mation and it has been shown that inclusion of recoil introduces energy-

~4) 166

dependent terms in'the DWBA amplitudes. 2 Thus, study of ( ,]5N) and

(]ZC,]rB) at 100 MeV (% 3-4 times Coulomb bafrier) provides a stringent test

of recoil effects.

In this paper we present analysis of 5hFe,'62Ni(]'60,]5N) and.

5L4_ 62 (12

Fe,82ni('2¢,"18) at energies: E(1%0) = 104 MeV and E('2C) = 78 MeV using

DWBA with and without recoil. The_fesu]ts are compared with those from
(3He,d), (a,t) and low ene;gy heavy-ion transfers. It is shown that DWBA
with recoil yie1d§ consistent spectrdscopic factors over a wfde range of
bombarding energy and L-transfers for the (]60,]5N) and (IZC,]]B) reactions.

Furthermore, the use of DWBA with recoil allows one to make j-assignments

for some levels.
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1l. Experimental Procedures
. N . M ’ +
The experiments were performed with 78-MeV ]253+ and 104-MeV ]6Oh
beams from the LawrencevBerke]ey Laboratory 88-inch cyclotron. The targets
consisted of isotopically enriched 5I+Fe and 62Nivevaporated as layers 80 -
200 ug/cm2 onto thin carbon backings. Reaction products were detected with
a muTti-wire position-sensitive proportional counter in the focal plane of

7)

an energy-loss magnetic spectrometer; The data were obtained event-by-
event, stored on magnetic tape, and‘ana]yied off-line., The relative inte-
gfated'beam currents‘wgre deduced by meang of a solid-state détector placed
in the target chamber and'targét thicknesses were obtained from the elastic‘

scattering at a forward angle where the scattering was mostly pure Rutherford.

The energy resolution was typically 100 = 200 keV (FWHM).

‘111, Experimental Results

A, Spectra

o Spectra obt;fned hear thé grazing angles (% i5°’ Iéb) are shown in
Figs;,i and 2, States of.knowﬁ spih and‘pa;iﬁy a}e-indicatéd.‘ In Tables
I-and 11 we list the grohps obéerved in the présent experimenf and compare
these with levels observed in other experiménts, Besides known states in
55Co and.63cu; evidence for t?ansfer to ]]B* (Ex Q 2 MeV) éhd ISN* (Ex-%
7 MeV) is observéd. The résu]ting groups (seevFigs. 1 and 2) are b;oadened,
presumab]y by ;-decayfin_flight. Similar:obServatiOns»have'beén reported
in the mass 90 regfon;_8)

Most of the_transfer.strength is observed in the regioh Ex =0 to
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6 MeV. . This is due partly to kinematics.whien favor.Q %.Qg . for the

targets 5L'Fe and 62Ni, and partly to the fragmentation of the single particle

strength at high excitation.

,10 l])

As noted prevuously, the (]60,]5N) and (IZC,?]B) reactions

_favor different types of states, namely, the j> (= 2 + 1/2) final states

160 15 12 ll

are favored in ( N) compared to ( B) or light ion reactions.

B. Elastic Scattering

Tne elastic scattering of ]20 and ]60 from 5l‘Fe and 62Ni at E(]2C) =
78 MeV and E(]60) =- 104 MeV was obtained along with the transfer data. The
angular distributions are shown in Fig. 3 as ratio to Rutherford scatfering.
The forward angle points have been normalized to Rutherford scattering and
the resulting dara are believed to be accurate to * 83.
The elastic scattering resembles that obtained at lower bombarding
9) |

energies except that the grazing angle has moved forward to % 20° c.m. -

The curves shown are optical model fits and are discussed in Sec. IV-B.

c. 'Transfer’Angular Distributions

The angu]ar dlstrlbutlons for groups observed in the transfer reactions
(Flgs. 1 and 2, Tables I and II) are shown in Flgs. I and 5. These measure-
ments were made with a 0.6° spectrometer aperture se‘the points repreSent_
eross‘sectqons averaged over this angular acceptance. Most of rhe angular
Vdfstriedtions are of a similar'shape° a monotonic increase up to the grazing
angle (6 % 20°), an inflection or maximum at the grazing angle and then a
drop or slight rise_at forward angles. There is some indication that the
crdss_sections for low t-transfers, i.e., low spin states (see Sec. L11)

63

~are lower at'fOrWard angles compared to high spin states, e,g.,' Cu g.s.
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63Cu, Ex = 2,49 MeV (199/2). There -is also an effect

(2p3/2) compared with
- of fhe Q value on the shapes which is not completely understood as yet (see
Sec. IV=D) and whfch cou?d make Z-éSsignments based on angular distributions -
uncertain. The orbital angular momenta (%) of most éf the states observed

in the present experfﬁent.are known from-light ion work, howgvér. fhe

curves shown in . Figs. 4 and 5 are DWBA calculations which include recoil.

These are discussed in Sec. Iv-D.

| IV, Analysis

A. Semi-classical Interpretation

Although the angular distribution (do/dQ) observed at our bombarding

energies do not appear to be the classical "bell" shape'observed at lower

10,11)

bombarding energies for these nuclei, this is somewhat deceiving in

that one should remove the 8 depehdehce of dR. In semi-classical theory

this is done by plottihg the apsidal distance distribﬁtion'lzi do/dD defined
by . _
e Bk 31 e
db - "7 @

where k and n éfé average wave number and- Coulomb pafameter and 8 is the
c.m. 5cat£ering angle. The apsidal distance (assuming Rutherford orbits)

is given by
D(e) - = E- (1 + cscC —;— 8)

‘ 't is also useful to define a radius parameter, do’ given by do = D/(Al]/3 +

A 1/3

5 ) where Ai and Azzaré the projectile and target'maSS»numbers. '

(1)

(2)
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In Fig. 6 we show do/dD vs. d0 as obserVed for‘SAFe(IGO;ISN)SSCo (g.s.)

10)

at E. = 104 MeV and compare it with results obtained at 60 MeV. The

L
data obtained for other groups are similar, It is seen that do/dD is still
"bell' shaped and peaked at db ¥ 1.9 fm, i.e., well outside the nucleus.
This value of do is to be compared to do %-1;6 - 1.8 fm obtained at lower

‘energies. 10,11)

The apparent ihcreaselin do at highér‘bombarding engrgies
can be ascribed 'to distortions arising from the nuclear ﬁotentia] and other
effects.

As suggested in Ref. 10), we may remove most of tHe bell shape exhibited
in do/aD by diViding out the effecf of projectile absorption, using the mea-

sured elastic scattering oEL(D), to obtain a transfer probability, Ptr(D)’

given by

Ptr(D) = (dc/dD) B qEL(D) »i ' ‘_ . ‘, I(3Y

-~ In the sub-Coulomb limit

Ptr(D) q,/M/exp[ KD(8)1] : v (4)
with K ¥ 20 where o is the decay constant of the wave function of the trans-
ferred nucleon averaged over the projectileiénd target, and/N/is approximately
constant, |

Using Eqns. (3) and (4), we obtain K'%_O.hh Fm"I for fhe 104-MeV

(160’]5 1

N) data shown in Fig. 6. This is to_bé compared.to K % 0.68 fm

10)

‘obtained at 60 MeV - and the theoretical value K & 20 = 0.72 fm ! expected

at sub-Coulomb energies. The increase of K with bombarding energy is rot

_unexpected'as K‘@ 2a only if the transfer takes place at the orbit turning

2)

point. This is probably a poor approximation at high energies, a]thdugh
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‘qualitatively‘Eqns. (2) - (b4) exhibit the correct features even at these

energies and are therefore useful concepts.

B. Optical Model Analysis

The elastic.scattering (Fig. 3) has begn fit uging the optical model

with Woods=-Saxon potentials having a volume form factor., Reasonable fits

were obtained with the geometry parameters 9)‘R = 1.30 (A]]/3'+ A2]/3) fm,

a= O.S'fm and adjusting V and W. The results shown in Fig. 3 have V =
~25 MeV and W = =15 MeV which is to be compared with V & =40 MeV and W =

-15 MeV found 9) at 60 MeV.

C. DWBA Without Recoil-

13)

We have perfqrmed no-recoil DWBA calculations with finite réﬁge
form factors. ]h). The. no-recoil selection rp]es_are 15) |
('éo,’5N): L= e for j = J,
L = 2-1 forj=],
(IZC,]]B): L - g -1 and 2 + 1, J=1], or J.

‘where L is the allowed angular momentum transfer and % -and j are the orbital
and total angular momenta of the transferred nucleon in the target (post~
representation). In (5) j> = ¢+ 1/2 and j<,é 2= 1/2.

The target spectroscopic factors (CZS)'obtained with (]60,]5N) for

55Covand 63Cu are shown in Fig. 7. We include also light
15, 10) -

N) results

selected states in

at E = 60 MeV. - The no-recoil DWBA
5)

jon results and.(]60,

‘calculations employ a normalization factor obtained from an analysis of

208, (165 15y,

()
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As noted previously‘s’lo’]l).the targét‘spectréscopic factors deduced
fer j> é;ates ére.reasonably consistent with light ibn results (CZS 1)
while tHdse deduced fof j;-states are grossly overestimated, 5,10) €.9.,
by factors 2 to 10. The discrepancies become more pronounced at high bomj

barding energiés:. at 60 MeV the apparent CZS-for 63

. Cp Jj_ states (IFS/Z and
2p3/2) are & 3 to 4 while at 104 MeV one obtains c®s & 7. The C%S deduced
for some j, states also show large variations with bohbarding energy. This

suggests that no-recoil DWBA is probably unreliable for both j> ahd Je final

states.

D. DWBA With Recoil

Calculations have also been performed with the full finite-range DWBA

program LOLA..I6) lThe inclusion of recoil introduces the so-called non-
normal parity L-transfersf The selection rules are then 2-5)
(]60;]5N); L = 2+ 1 and 2 for j =],
L= 2-1 and & for j=j_ | ‘ (6)
('2¢, Mgy L = =1, g, and 2+ 1, )=, or ]

In all cases, then, the cross section will be an incoherent sum over several

L-transfers, with the largest L-transfer usua]iy'favbred kinematically.

5)

This latter feature affects the j< states most strongly. The normal and

non-normal parity L-trahsfers allowed by (6) are listed in Tables | and 11,

We illustrate the contributions of the normal .and non-normal L-transfers

62NI(]60,]5N)63

in Fig. 8 for Cu 2p]/2.‘ It should be noted that the contribu-

5)

"~ tion from the non-normal L-transfer vanishes, exactly, at 6 = Q° (and also

180°), and that the: angular distributions of the normal and non-normal
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L-transfers are out of phase,thus minimizing oscillations in the summed

cross section.f The re]ative contribution of the non~normal L-transfers to

the cross sectlons at 6 20° are ‘as follows:
12 I]

non-normal'L/

% 10 - 35% while for ( B), o x 15%.

0normaT L noh=normal L/ normal L

More important, however, is the effect of recoil on the DWBA amplltudes for
all L-transfers, 3)

In Flgs. b and 5 we display the calculated angular dlstrlbut|ons. The
target spectroscopic factors deduced are’ glVen in Tables | and i1 and compared
with light ion results in the tables and in Fig. 7. We have also reanalyzed
the (]60,]5N) data at 60 MeV using DWBA with recoil, and these'resulta are
aiso shown in Fig. 7. The CZS values deduced from the calculations including
recoil assumed unity-normaljzatfon and no_parametera have been adjusted. ‘It
-can be seen that fhe CZS values bbiained for bqth j> and j<'states are now
comparable taithcse obtained Witn light iéns, and no longer display such
. dramatic variatians with bombardfng'energy. There still are some discre-
pancfes, e.g., the Zpi/z'and 2p3/2 Cross seations are overestimated (if one
assumes the 1ightAign resu]ts to be correct)'comparéd with higher spin states.
This most Iike]y reflects inadequacies in the bound state potentials used,
particular]y the'Spin,orbft pOténtial, inbfhat the different reactions are
sensitive to different radiai parts.of‘the nuclear wave functions and nat just
tne errall nérma]ization or spectroscopic factor.

The calculated angular distributions (Figs. 4 and 5) give acceptable
fits (without paramater adjnstments) to the data for transitions to levels
n,ss 6.3Cu. Thase transitions hava Q values yieiding

near the g.s. Co and

reasonably good momentum matching in the incident and outgoing channels,

.e.,Q%Q 17,18)

The more endothermic transitions are not fit very
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well: the DWBA predictions (with or without receil) shift back with increas-
~ingly negative Q value whereas the data do not and, 'if anything, they perhaps
'shift forward. This effect has been'observed'in many heéavy=ion reactions

5,10,11,19) and is not yet understood

2 %
(1 1

Calculations to,groups involving projectile excitétion, €.g., c, B)

E, = 2.0 to 2.4 MeV, are not included in Figs. 4 and 5 as the measured cross
sections rise much more rapidly at forward angles than predicted. This
effect has been observed in 6ther heavy-ion reactions. 20) ‘In Tables l‘and

Il we have used peak or integrated cross sections to deduce spectroscopic

factors where the DWBA fits are poor.

E. j-assignments

Unlike (3He,d),'(a t), etc., the L-transfer allowed in’heavy-ion

'-16 15 '(Izc’n

reactions such as ( N) a B) depends on the j-value of the

target state (see Eqn. 6). Depéndihg on the‘kinematics, i.e., Q-value for a
| given trénsition, the (]60,]5N) ( ]]B) cross sectlons for levels of
the same & but differenf j may differ substantially. Invprinsip]e, then,
only thé-correct j=value will give consistent spectroscopic factors between
heavy~ion and light-ion data. Previous attempts to use this féature have

8)

been hémpered by lack of reliable theoretical calculations. Also, for

-~

some reactions, notably (7Li,6He), the shapes of the angular distributions

21)

exhibit a j-dependence.

5560 and ®5cu for which 2-values have been

There ,are many levels in
‘assigned. The.j-assignments, however, are less certain and often in conflict
between dlfferent analyses. We have deduced spectroscopic factors for many

~ such leve]s assumlng both j = 2 + 1/2 and j = & - 1/2, The-results are

listed in Tables | and |1 together with CZS values for states'where previous
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. . . Y
j-assignments are thought to be reliable. A ¢omparison of the (]2C,I]B),

(]60,]5N) and the light-ion results permits a j-assignment to be made or
allows one to verify a previoué‘assignment,

55

j. Levels in ““Co

Based on the results given in Table |, theifollowing information con-
cerningithe levefs in 55Co is obtéined: The_2.13? 2.57, 3.65, and 4.70 MeV\ ‘
states indicate _iTr = 3/2° while %or Ex = 2,95 MeV, jﬂ,= 1/2° is preferred.
The levels at E, = 3.30,-4.17,_and'5.7h MeV are not inconsistent with the
assignment jﬁ = 5/2f, althoughvour CZS values appear to be somewhat too
large (ZCZS > 1). The levels at E = 6 and 8.5 MeV are seen as prominent
groups in both (1%0,'5N) and (a,t) and are likely ™ = 9/2% with c’s % 0k
and 0.2, respéctively. #urthefmore, we observe a level at Ex = 8.96 MeV,
which would have CZS = 0.0b4 if jTT = 3/2+. No Z-assignments,for-this state
are available, however.. B |
63

2, Levels in Cu

The situation‘for 63Cu is less favorab]é compared with 55Co regafding
j~assignments. Unlike 55Co, the Q-values“are'such that kineﬁatics apparently
do not favor fhe larger L-transfers. Thus, the speétroscopic factors deduced
- for some states are'nof.distinct enough to permit unambiguous sbin assign-
ments. Some preferences are indicated, howéver.

The resu]ts for Ex =VO.70 MeV appear most consistent for-j“ =1/2°
(see Table I1), since for " =3/2" our CZS values would then be & 1/2 the
light-ioh results.._Sfmilafly jTr = 5/2 for Ex = 0,97 and‘l.ho MeV appears
preferable to jﬂ_= 7/2_, but the ]atter cannot be ruled out from our analysis.
[In comparing our'(lzc,]1B) and (]60;]5N) spectroscopic factors, it should

be noted that the former are consistently smaller than the latter. This,



11~ - | LBL-2957

however, may reflect upon our choice for the_pfojectile spectroscopic

factors, etc.]

121
(2,1

The B) data for E = 2.0 MeV were obscured by excitation of

]]B, and thus only the (]60,]5N) and light-ion data are available. These
.show a slight preference for i" = 1/2". The other groups, at EX = 2.5, 3.2,
3.5, and 4 MeV iﬁdicate it = 9/2+, 5/2°, 5/2+, and 9/2+, respectively. The
h.89'M¢V group seen in (]60,]5N) is probabfy iT = 9/2% (C2$-= 0.03) as the

Q-value for this level is highly restrictive and favors high-spin states

only.

F. Projecti]e Excitation

]]Bh, Ex =2 MeV)_have been used to deduce

11

55

The data for (JZC, Co g.s.

and 63Cu g.s. spectroscopic factors with Bé CZS_(= 0.8) taken from the

literature 22) (see Tables | and Il1). Alternately, we can use the (IZC,]]B)

and (TZC,]]BK) data to the same final states to_deauce the spectroscopic

]]B::

factor for . This gives

'CZS(?bB*; Ex =2 MeV) = 1.14 .,

V. Conclusions

We conc¢lude the following from our ana]ysis of the (IZC,‘]B) and

(]60,]5N) reactions on 5L‘Fe‘and,62

Ni at E('2¢) = 78 and E('%0) = 10k Mev.
a) Full finite range DWBA, i.e., inc]uding,recoii, gives adequate results
whereas DWBA without recoil does not.

b) Certain features, such as the shift in grazing angle with Q-value,

however, are not‘réproduced by DWBA with or without recoil,.
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c) Analysis uéing full finite-range DWBA allows j-as'signments for certain

levels, depending on the kinematic features of the transition.
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Table |. Levels observed in 5I’Fe(lzc,]_]B)SSCO and suFe('60,‘5N)55Co compared with other experiments.

‘ , This Work : . . Previous Work®?
1211 16, 15, . _ o 3 :
("“c, 'B) E)= 78 MeV (70, °N) E = 104 MeV Adopte? ("He,d) and (a,t) ,
b) c) d me) 2. f) b) c) ,d) ,me) .2.F) T g b 1) 2
E. ogr O L J s B eg L uT e s JT E, S c“s.
,'(uev), (mb/sr) v _ (MeV)  (mb/sr) - (MeV)
g.s. 2,72 2,3,4 7/27 0.25  g.s. 7.2 3,4 7727 035 /2" g.s.. 3 7/2°  0.21-0.25
e . 2.3 2.88 1,2 3/27 044 3/27  2.162 1 3/27 0.28-0.h2
2,57 0,13 0,1,2 1/20  0.15 2,50 1,47 0,1 1720 1.5 } 2.559 1 (1/2]) 0.32-0.52
o .0,1,2° 3/2° 0.3 IR 1,2 3/27 0,22 ° 3/2 (3727) 0.21"
2,95 0.16 0,1,2 3/2_ 0.17 2.90 0.55 1,2 3/2_ 0.08 _ 2938 1 (3/20) 0.28}
A 0,1,2 1/2 0.20- SR 0,1 1/2 0.56 /2- - (27) 0.45
3.30 1.4 o 3.22 2.80 S o sasd o, 320 0.09-0017
2,3,b 5727 0.92° - 2,3 5/27 0.8 (5/27) 3 5/27  0.37-0.5
- 3.65 0.80 1,2 3/2_ 0.1z 3727 3.657 1 (3/2])  0.07
_ . 0,1 /27 0.8 (1727)  o.n
417 0.45 S hak 103 o - w1858 1, 127 0.08-0.23
- 2,3,4 5/2  0.38 R 2,3 5/2 - 0.33 (5/27) © 73 5/27  0.20-0.2
| o ' b70  0.78 1,2 3/2° ok 3/27  AWg75sF 1 3/27 0.13-0.23
5.74  0.27  2,3,4 5/2°  0.29 5.61  1.35 2,3 5/2°  0.h2 (5/27).  5,765% 3 5/27  0.26-0.32
6.07 0.51 3,45 9/2" 0.2 6,00 6.53 A5 9/2° oo 972" 6.080 4 - 9/2" 0.16-0.50
o 8.4k 2.81 4,5 9/2° 0.9 (9/2"y 8.5 4 (92hy ‘
| | : 8.96  0.50 4,5 9/2° 0.0
2.0-2.4% 2.70 3,4 7/2° o0.36 n7" 2.6

-sT-

LS62~191



a)

b)

c)

d)

e)

f)

q)

h)

i)

-16- o : LBL-2957
Foothotes to Table |

Rafa.‘24-26. The axcitation energfes.ara taken from Ref;'25 and are
said to be accurate to 5 * 30 keV. ‘The range of spectroscopic factors
Aiisted have been deduced from‘the data compiled-fn Ref. Zh'assuming
the J" valae indicated. Only levels havihg CZS R 0.1 are listed.
Excitatjdn enérgy of targetland/or pfojactile. Estimated error is ¢

50 keV.

Observed differential cross section (c.m.) near_the grazing angle

{x 15°, 1ab).

The orbital angular momen tum transfera'permitted by Egn. 6. Theinon-
normal parity L-transfers ai]bwed with recoil are underlined.

The spin and.pa}ity o%_the'fihal targef state assumed in the DWBA
calculations. |
_The'spectro§copic factor for levels in 55Co as deduced from DWBA, with
recoil, for the J™ value listed. The brojectile spectroscopic facfdrs

(]]B g.s.;CZS = 2,98 and 15

N g.s.: ¢%s = 2.14) are taken from Refs. 22
and 23, respettively, and the bound-state parameters are those used in
Ref. 5. The fitS'tq data for_levals'at'large excitation energies are -
poor (see Fig. 4). | |

The J7 Va]ue (SSCb) which, we be]ieve,'yieldé the most consistent spea-
troacopic factors from analyses of thé'heavy-ion and light-ion .

data (see text). Uncartain'values are bracketed.

Orblta] angular momentum of the transferred proton (= & of final state)
‘from Ref. 25. -

55

Spin and parity of states in ““Co as deduced from_light-ion experiments

' (Refs, 25 and 26). Bfacketed values'aré uncertain.,



J)
k)

1) -

m)

-17- o ' o _ LBL-2957

Probable doublet.

Isobaric analog of 55Fe( Ref. 26).

11

Believed to be due to transfer to excited state of = B: Ex = 2,14 MeV

m 2

j" = 1/27, ¢°s = 0.78 (Ref. 22).
Believed to be due to transfer to excited states of 'SN: Ex = 6-7 MeV

(Ref. 23).
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0.67
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3.28
3.50
3.97
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Table tl. Levels observed in 62NI(IZC,I‘B)63Cu and 62Ni(‘60,]5N)63Cu compared with other experiments

(lZC’ll
c)

B) E = 78'MeV

T

gr .
(mb/sr)

2-31 ’ .
0.86

1.89

2.5%

2.6k

0.36

0.55
0.92

0.86
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5/2

T e)

3/2"
/2

3/2°
5/2°
772"
5/2°
7/2°

9/2%
5/2°

9/2

3/2°

This Work
c2s f) g b)
i . X
. (MeV)
0.4o g.Se
0.27 - 0.70
0.15 :
0.19 0.96
0.17°
0.26 1.39
0.23
2.03
0.22 2.49
0.07 3.10
0.04 . 3.46
0.13 3.96
' 4.89
k 1
0'57‘ : 7 ’
1
9.81

('60,'5N) E = 104 MeV

c)

gr
(mb/sr)
7.04 -

2,07

2.38

1 3.79
0.55

 6.89
0.55

].0]

2.15

009

8.0

1.07°

4 el

- 872

3/2”
1727

3/2°
5/2°"

772"

772"

172°
3/2”

9/72%

572"

+

9/2*

9/2

+

c2s

0.50

1 0.57
.0.21

0.4b
0,18

0.45

‘Adopted
f) Jns)

o 3/2
172

5/2"

5/2°

0.18

0.30
0.08

0.28
0.10
0.07

0.08

0.03 -

(1727)

+

9/2
5/2°
5/2
9/2

+
+ .

(972 _

E
x
(MeV)

9.5,

0.67

0.96

2.51
3.23

3.48
3.98

W o

2h)

e

3Previous quka)
(°He,d) and (a,t)

g7 1)

3/2”

172"

(3/27)

5/2°

(7/27)

5/2"
(7727)

(1727)
(3727)

(972

(5/27)

(5/2%)
(9/72*)

CZS

0.56-0.66

0.70-0.76
0.35-0.38

0.33-0.40

0.25-0.33

0.45-0.68
0.38-0.51

0.23
0.12

0.28-0.31
0.06
0.07

-0.05

. .
=
m ..

[
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a)

b)

c)

d)

e)

)

é)

h)

The spectroscopic factor for. levels in

-19- - ' LBL-2957
Footnotes to Table 11

Refs. 27-29. The edetationvenergies.are taken from Ref. 28 and are

said to be accurate to * 50 keV. The range of spectroscopic factors

listed have been deduced from the_data compiled in Ref. 27 assuming
the J™ value indicéted. Only levels having CZS R 0.1 are listed.
Excitation energy of target and/or projecti]e; Estimated error is *
50 keV, |

Observed differential cross section (c.m.) near the grazing angle

(Q 15°, lab). | :
The orbital angular momentum transfers permitted.by Eqn. 6. The non-
normal parity L-transfers al]owéd wifh recoil are underlinéd.
The spin and parity of the final farget state assumed in the DWBA
calculation. |
63Cu as deduced from DWBA, with
recoil, for the J™ value listed. The projectile spectroscopic factors
(]]B‘g;s.:CZS = 2,98 and ISN g.s.:Czs = 2.14) are taken from Refs. 22
and 23, respectiveiy, and the bohnd-stafe parameters are those used
in_kef. 5., The fits‘to data for levels at large excitation energies
are poor (gee Fig. 5).
The J" value (63Cu) wﬁich; we bélieve, yieldé the hosf_éonsistent
spectrosﬁdpic:factoré from analyses of thevheavy—ion,and light-ion

data | (see text). Uncertain values are bfécketed.

Orbital anguiar moménthm of the.transferred proton (=,2 of final state)
frOmYRef. 28.
63

"“Cu as deduced or assumed from 1light-ion

Spin and parity of states in

experiments'(Refs. 28 and 29). Bracketed values are uncertain.



J)
k)

1)
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Probable doublet.
1,

Believed fo be due to transfer to excited state of 'B: Ex = 2,14 MeV,
i =1/27, ¢%s = 0.78 (Ref. 22). See text.
Believed to be due to transfer to excited state of ISN: Ex'= 6=7 MeV

(Ref. 23). The 9.81 MeV level would correspond télexcitation of both

63c, (E, % 2.5 MeV) and 15y,



Fig. l.:

Fig. 2.

Fig. 3.

Fig. 4.

ng. 5.

Fig. 6.

- Transfer data for
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Figure Captions

shFe(16O,15N)55

Co.

| e (12¢,M8)%%¢o and

Position (Bo) spectrum for
The hofizdnté] scales have been adjusted to give approximately the

same energy .per channel. Positions of single particle States in

55 11

Co, 'B and '°N are indicated (see also Table I).

Position (Bp) spectrum for 62Ni(]-ZC,”B)63_Cu'and 62'Ni(lé’O,ISN)63Cl.|.

The horizontal scales have been adjusted to give approximately the

same energy per channel. Positions of known single particle states

in 63Cu (see Table II)Vare indicated.,

Elasticfscattefing and optical médel fits usfng parameters listed
in Sec. IV-B, |
ShFe target. fhevsolid curves are DWBA calcula-~

tions with recoil. The excitation energies measured in the present

' experfment (+ 50 keV) are indicated. The dashed ]iﬂbé_connect data

points from groups Believed to be the result of transfer to excited
states of the outgoing projectile (see text).
Transfer data for 62Ni target. The solid curves are DWBA calcula-

tions with recoil. ‘The,excitatibn energies measured in the present

~experiment (# 50 kéV)'are indicated. The dashed lines connect data

points from groups believed to be the result of transfer to excited

‘states of the outgoing projectile (see text).

The apsidal distributions for 5Z'Fe(]éo,lsN)SSCo g.S. as deduced

(Eqns. 1 and 2) from measurements at bombardfng energies of 60 MeV

(Ref. 10) and 104 MeV (this experiment). The quantity d, is the

classical apsfdal_distance (Eqn. 2) divided by (A]]/3 + A2]/3).



.Fig. 7.

Fig. 8.
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A comparison of spectroscopic factors as deduced from light-ion

(Refs. 24, 25, 28 and 29) and heavy-ion transfer reactions for the

" states indicated (see Tables | and 1l1). The heavy-ion results are

at bombarding energies of 60MeV (Ref. 10) and 104 MeV (thfs experi-

ment). The closed and open circles represent DWBA calculations

-~ with and without reconl, respectlvely.

A comparison of DWBA calculations (with recoil) for (]6 ISN) to
a jTT = 2p]/2 state; The normal parity (L=O, lower solid line) and
non=normal parify (L=1, dashed line) are shown sebarately and

summed.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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