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The (2C, B) and ( 0, N) reactions on targets of ~ Fe and 6 Ni have been studied at
bombarding energies far above the Coulomb barrier: E( C) =78 MeV and E( 0) =104 MeV,
respectively. The reaction mechanism appears to be direct and is adequately described
with the distorted-wave Born approximation, provided recoil effects are included. A com-
parison of heavy-ion and light-ion analyses permits j assignments to be made for some
levels by utilizing the j dependence of the heavy-ion reactions.

NUCI, EAR REACTIONS Fe(i60, 45N) 62Ni(i6O 15N), E= 104 MeV. 54Fe(i2C, i B),
Ni(zC, B), E=78 Mev; measured s(E&, ()); DWBA analysis; Co and szCu

levels deduced j values and spectroscopic factors. Resolution 100-200 keV.

I. INTRODUCTION

This study of single nucleon transfers at energies
well above the Coulomb barrier was undertaken to
test the validity of available heavy-ion reaction
theories. The nuclei ~Fe and "Ni were chosen as
targets because the final states accessible by the
single proton transfers ("Q, "N} and ("C, "8) in-
clude many different spins: 1fz&z, 1fs~z, 2Pziz,
2P,&„and 1g„,. The "0 and "C beam energies
selected have the same energy per nucleon and
hence similar kinematics.

Qur initial analysis of the ("Q, "N) and ("C, "8)
reactions using the no-recoil distorted-wave Born
approximation (DWBA) has been reported previ-
ously. ' The j dependence predicted by the DWBA
selection rules was confirmed, but the observed
effect was a factor of =3 smaller than predicted.
The failure of conventional DWBA has been as-
cribed to the no-recoil approximation' ' and it
has been shown that inclusion of recoil introduces
energy-dependent terms in the DWBA ampli-
tudes. ' ' Thus, study of ("Q, "N) and ("C, "8) at
100 MeV (=3-4 times Coulomb barrier} provides a
stringent test of recoil effects.

In this paper we present analyses of ~Fe, "Ni-
(zsQ zsN) and MFe szNj(zzC zzB) at energies. ~(xsQ)
= 104 MeV and E("C)= 78 MeV using DWBA with
and without recoil. The results are compared with
those from ('He, d), (ot, t) and low energy heavy-ion
transfers. It is shown that DWBA with recoil
yields consistent spectroscopic factors over a wide

range of bombarding en rgy and I. transfers for
the ("Q, "N) and ("C, "8) reactions. Further-
more, the use of DWBA with recoil allows one to
make j assignments for some levels.

II. EXPERIMENTAL PROCEDURES

The experiments were performed with 78-MeV
"C" and 104-MeV "0"beams from the Lawrence
Berkeley Laboratory 88-inch cyclotron. The tar-
gets consisted of isotopically enriched ~Fe and
"Ni evaporated as layers 80-200 pg/cmz onto thin
carbon backings. Reaction products were detected
w'ith a multiwire position-sensitive proportional
counter in the focal plane of an energy-loss mag-
netic spectrometer. ' The data were obtained event
by event, stored on magnetic tape, and analyzed
off-line. The relative integrated beam currents
were deduced by means of a solid-state detector
placed in the target chamber and target thicknesses
were obtained from the elastic scattering at a for-
ward angle where the scattering was mostly pure
Rutherford. The energy resolution was typically
100-200 keV full width at half-maximum (FWHM).

III. EXPERIMENTAL RESULTS

A. Spectra

Spectra obtained near the grazing angles (~15'
lab) are shown in Figs. 1 and 2. States of known
spin and parity are indicated. In Tables I and II
we list the groups observed in the present experi-

10 1846



10 ("0 ''N) AND ("C ''B) REACTIONS ON "Fe AND. . . 1847

ment and compare these with levels observed in
other experiments. Besides known states in "Co
and "Cu, evidence for transfer to "B~(E„=2 MeV)
and "Ne(E„= 7 MeV) is observed. The resulting
groups (see Figs. 1 and 2) are broadened, presum-
ably by y decay in flight. Similar observations
have been reported in the mass 90 region. '

Most of the transfer strength is observed in the
region E, =0 to 6 MeV. This is due partly to kine-
matics which favor Q= Q „ for the targets Fe
and ¹,and partly to the fragmentation of the

single particle strength at high excitation.
As noted previously, ' the ('0, "N) and

("C, "B)reactions favor different types of states,
namely, the j& (= I+-,') final states are favored in

("0,"N) compared to ("C, "B)or light-ion reac-
tions.

B. Elastic scattering

The elastic scattering of "C and "0 from ~Fe
and "Ni at E("C)= 78 MeV and E("0)= 104 Me V

was obtained along with the transfer data. The
angular distributions are shown in Fig. 3 as ratio
to Rutherford scattering. The forward angle points
have been normalized to Rutherford scattering and

the resulting data are believed to be accurate to
+8

The elastic scattering resembles that obtained at
lower bombarding energies' except that the grazing
angle has moved forward to =20' c.m. The curves
shown are optical model fits 3 xd are discussed in

Sec. IV B.

C. Transfer angular distributions

The angular distributions for groups observed in

the transfer reactions (Figs. 1 and 2, Tables I and

II) are shown in Figs. 4 and 5. These measure-
ments were made with a 0.6 spectrometer aper-
ture so the points represent cross sections aver-
aged over this angular acceptance. Most of the
angular distributions are of a similar shape: a
monotonic increase up to the grazing angle
(6) = 20'), and inflection or maximum at the grazing
angle and then a drop or slight rise at forward
angles. There is some indication that the cross
sections for low l transfers, i.e., low spin
states are lower at forward angles compared
to high spin states, e.g., 63Cu g.s. (2p, &,) com-
pared with 6'Cu, E, =2.49 MeV (Ig,„). There
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FIG. 1. Position {Bp) spectrum for Fe{ C, B)5 Co
and Fe( ~O, N) ~Co. The horizontal scales have been

adjusted to give approximately the same energy per
channel. Positions of single particle states in Co, ~ B,
and ~~N are indicated (see also Table I).

Channel

FIG. 2. Position (Bp) spectrum for Ni( C, ~B) Cu

and 8 Ni( ~O, ~N) Cu. The horizontal scales have been
adjusted to give approximately the same energy per
channel. Positions of known single particle states in
@Cu {see Table II) are indicated.
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is also an effect of the Q value on the shapes which

is not completely understood as yet (see Sec. IVD)
and which could make l assignments based on an-
gular distributions uncertain. The orbital angular
momenta (l) of most of the states observed in the

present experiment are known from light-ion work,

however. The curves shown in Figs. 4 and 5 are
DWBA calculations which include recoil. These
are discussed in Sec. IVD.

It has been observed that angular distributions
for some heavy-ion transfers, mostly two-nucleon
transfers, exhibit rapid oscillations. ' Our data

TABLE I. Levels observed in @Fe('2C, ' B) 5Co and Fe('60, ' N)5 Co compared with other experiments.

This work

b CE. &gr

(MeV) {mb/sr} g ~ J~ C S

('80, '5N) E =104 MeV
Ex" Og

'
/sr) g d Jve CS

Previous work '
(3He, d) and (Q. , t)

C2S
Adopted E„
J Tl g {MeV) ) 11 JTT 1

g.s,

2.57

2.95

3.30

4.17

5.74

6.07

0.13 0, 1, 2 — 0.15

012 - 013

0.16 0, 1,2 — 0.17

012
2

020

1.41

2, 3, 4 0.92

0.45

2, 3, 4 0.38

0.27

0.51

2, 3, 4

3, 4, 5

0.29

2
O.21

272 2 34
2

025 g.s.
2.13

2.50

2.90

3.22

3.65

4.14

4.70

5.61

6.00

8.44

8.96

7.42 3, 4 — 0.35

2.88 1, 2 — 0.44

1.47 0, 1
2

1.51

1 2 - 022

0 55 1 2 — 0 08

0 1 -' 056

2.80

2 3 — 083

0.80 1,2
2

0.12

0 1 — 082

1.13

2 3 — 033

0.78 1, 2 — 0.14

1.35 2, 3
2

0.42

6.53 4, 5 -' 0.40

2.81 4, 5
2

0.19

0.50 4, 5 — 0.04

3
2

1

2

(-' )
2

3
2

(-' )
2

3
2

(-' )
2

g+

2

2

g.s. 3

2.162 1

2.559

3.327 ~ 1

3.657 1

4.185 j 1

4 755k 1

5.765"

6.080 4

8.5 " 4

2

3
2

(1 )
2

(3 )
2

(3 )

)

(3
2

(i )
2

2

5

2

3
2

5

2

g+

2

9+

0.21-0.25

O.28-0.42

0.32-0.52

0.21

0.28 j

o.45j

0.09-0.17

0.37—0.54

0.07

0.11

0.08-0.23 ~

0.20-0.22 ~

0.13-0.23

0.26-0.32

0.16-0.50

2.0-2.4 2.70 3 -o.4 ~

2
~7 m 2.6

'References 24-26. The excitation energies are taken from Ref. 25 and are said to be accurate to ~+30 keV. The

range of spectroscopic factors listed have been deduced from the data compiled in Ref. 24, assuming the J value in-
dicated. Only levels having C2S & 0.1 are listed.

Excitation energy of target and/or projectile. Estimated error is +50 keV.
Observed differential cross section {c.m. ) near the grazing angle (=15' lab).
The orbital angular momentum transfers permitted by Eq. (6). The nonnormal parity I transfers allowed with re-

coil are underlined.
~ The spin and parity of the final target state assumed in the DWBA calculations.

The spectroscopic factor for levels in Co as deduced from D%'BA, with recoil, for the J" value listed. The pro-
jectile spectroscopic factors {"Bg.s. : C S =2.98 and '5N g.s.: C S =2.14) are taken from Refs. 22 and 23, respectively,
and the bound-state parameters are those used in Ref. 5. The fits to data for levels at large excitation energies are
poor (see Fig. 4).

& The J"value (55Co) which, we believe, yields the most consistent spectroscopic factors from analyses of the heavy-

ion and light-ion data (see text). Uncertain values are bracketed.
"Orbital angular momentum of the transferred proton (=l of final state) from Ref. 25.
' Spin and parity of states in 55Co as deduced from light-ion experiments (Refs. 25 and 26). Bracketed values are

uncertain.
j Probable doublet.
"Isobaric analog of Fe (Ref. 26).

Believed to be due to transfer to excited state of "8: E =2.14MeV, j~= -', C S =0.78 (Ref. 22). See text.
Believed to be due to transfer to excited states of '5N: E„=6-7MeV (Ref. 23).
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are not complete enough to establish if such oscil-
lations are present in the angular distributions
studied here. Most of our calculations (see Sec.
IVD) do not exhibit appreciable oscillations, par-
ticularly near the grazing angle, although this may
only be a consequence of using certain optical
parameters, etc. As most of our results are de-
termined by fitting data near the grazing angle,
the presence of undetected oscillations at forward

or backward angles would not substantially affect
the conclusions presented here.

IV. ANALYSIS

A. Semiclassical interpretation

Although the angular distribution (dv/dQ) ob-
served at our bombarding energies do not appear
to be the classical "bell" shape observed at lower

TABLE H. Levels observed in @Ni( C, B) 3Cu and 6 Ni( 0, 5N) Cu compared with other experiments.

This work
("C,"B) E=V8Mev

E b ~ c

(MeV) (mb/sr)

( 0 N) E =104 MeV

Ogr
b c

(MeV) (mb/sr) 1. J"' C~S &

Previous work ~

( He, d) and (e,t)

C2$
Adopted E„

J~ P. {MeV) $ h J& I

g, s,

0.67

0.97

1.40

2.52

3.28

3,50

3.97

2.31 0, 1, 2 — 0.40

086 01 2 — 027

012 ~ 015
189 2 3 4 — 019

234 — 017
2.54 2, 3, 4 — 0.26

2, 3, 4 — 0.23

2 64 3 4 5 — 0 22

0.36 2, 3, 4 — 0.07

0.55 1,2, 3
2

0.04

092 345
2

013

g,s.
0.70

0.96

1.39

2.03

2.49

3.10

3.46

3.96

4.89

7 04 1 2
~

0 50

2.07 0, 1 — 0.57

1, 2
2

0 21

2.38 2, 3 - 0.44

3 4 p7 018

3.79 2, 3 - 0.45

3 4 — 018
0 55 0 1 - 0 30

12
2

008

689 4 5
2

028

0.55 2, 3 - 0.10

101 2' 3
2

007

2.15 4, 5 - 0.08

4, 5 —,
" O. O3

1

2

5

2

(-' )
2

g, s,

0.67

0.96

1.41

2.06 & 1

2.51

3.23

3.48

3.98

0.56-0.66

o.vo-o. v6
2

(~~ ) 0.35-0.38

0.33-0.40
2

(- ) 0.25-0.33

0.45-0.68

{- ) 0.38-0.51

(- ) 0.23
2

) 0.12

(- ) 0.28-0.31

{- ) 0.06

(- ) 0.07

o.o5
2

2.0-2.5 k 0.86 1, 2 3 ~0 6k
2

8.0

9.81 1 1.07

'References 27—29. The excitation energies 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 in-
dicated. Only levels having C2S & 0.1 are listed.

Excitation energy of target and/or projectile. Estimated error is +50 keV.' Observed differential cross section (c.m. ) near the grazing angle (~15 lab).
The orbital angular momentum transfers permitted by Eq. (6). The nonnormal parity I transfers allowed with re-

coil are underlined.
~ The spin and parity of the final target state assumed in the DWBA calculation.
f The spectroscopic factor for levels in @Cu as deduced from DWBA, with recoil, for the J"value listed. The pro-

jectile spectroscopic factors (' B g.s. : C S =2.98 and ' N g.s. : C S =2.14) are taken from Refs. 22 and 23, respectively,
and the bound-state parameters are those used in Ref. 5. The fits to data for levels at large excitation energies are
poor (see Fig. 5).

& The J~ value (Cu) which, we believe, yields the most consistent spectroscopic factors from analyses of the heavy-
ion and light-ion data (see text). Uncertain values are bracketed.

"Orbital angular momentum of the transferred proton (=l of final state) from Ref. 28.
' Spin and parity of states in 3Cu as deduced or assumed from light-ion experiments (Refs. 28 and 29). Bracketed

values are uncertain.
& Probable doublet.
"Believed to be due to transfer to excited state of "B:E =2.14 MeV, j"=-', C $ =0.78 (Ref. 22). See text.

Believed to be due to transfer to excited state of ' N: E„=6-7MeV (Ref. 23). The 9.81 MeV level would correspond
to excitation of both Cu(E„=2.5 MeV) and '5N.
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bombarding energies for these nuclei, "'"this is
somewhat deceiving in that one should remove the
8 dependence of dQ. In semiclassical theory this
is done by plotting the apsidal distance distribu-
tion" do/dD defined by

der 8mk . „dv-sin ~6) —,
dD q

' dQ '

ascribed to distortions arising from the nuclear
potential, and other effects.

As suggested in Ref. 10, we may remove most
of the bell shape exhibited in do/dD by dividing out
the effect of projectile absorption, using the mea-
sured elastic scattering o„(D), to obtain a transfer
probability, P„(D), given by

where k and q are the average wave number and
Coulomb parameter and 6) is the c.m. scattering
angle. The apsidal distance (assuming Rutherford
orbits) is given by

D(B) = —(1 +csc-', 6) .

IO

I.O-

I t I

54 F (160I 5/)55C

E I04 MeV

(Mev)

P „(D)= (do/dD) —:o„(D) .

I.O

1 1

F (l2C IIB)5 C

E 78MeV

eV)-

It is also useful to define a radius parameter d,
given by d, =D/(A, "'+A, "'), where A, and A, are
the projectile and target mass numbers.

In Fig. 6 we show d&r/dD vs d, as observed for
"Fe("0,"N)"Co (g.s. ) at E~ = 104 MeV and com-
pare it with results obtained at 60 MeV." The data
obtained for other groups are similar. It is seen
that do/dD is still "bell" shaped and peaked at
do 1 9 fm, i .e ., we ll outside the nuc leus . This
value of d, is to be compared to dp 1.6-1.8 fm
obtained at lower energies. "'" The apparent in-
crease in d, at higher bombarding energies can be
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N
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FIG. 3. Elastic scattering and optical model fits using
parameters listed in Sec. IV B.

FIG. 4. Transfer data for 54Fe target. The solid
curves are DWBA calculations with recoil. The excita-
tion energies measured in the present experiment (+ 50
keV) are indicated. The dashed lines connect data points
from groups believed to be the result of transfer to ex-
cited states of the outgoing projectile (see text).
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One can parametrize P „(D):

P„(D)=%exp[-KD(e)] (4)

IO.

I.O

I I I I

62N (IeotsNP20

E*I04MeV

MeV) I.O

I I I I I I

62N, (I2CII )65

E7™v
eV).

with K= 2O', where n is the decay constant of the
wave function of the transferred nucleon averaged
over the projectile and target, and X is approxi-
mately constant. Usually, K must be adjusted
slightly to fit the angular distribution well ~

Using Eqs. (3) and (4), we obtain K= 0.44 fm '
for the 104-MeV ("0, "N) data shown in Fig. 6.
This is to be compared to K= 0.68 fm ' obtained
at 60 MeV" and the theoretical value K= 2o'- =0.72
fm ' expected at sub-Coulomb energies. The de-
crease of K with bombarding energy is not unex-
pected as K= 2n only if the transfer takes place at
the orbit turning point. " This is probably a poor
approximation at high energies, although quali-
tatively Eqs. (3) and(4) exhibit the correct features
even at these energies and are therefore useful
concepts.

B. Optical model analysis

I.O

Q.l-

I.O

10-

I.O

I.O

0.70

0.96

I.39

Q. l-

I.O-

O. l g

I.O-

.97 '

.40

The elastic scattering (Fig. 3) has been fitted
using the optical model with Woods-Saxon poten-
tials having a volume form factor. Reasonable fits
were obtained with the parameters' R =1.30(A,"'
+A, '") fm, a=0.5 fm, and adjusting Vand W. The
results shown in Fig. 3 have V = -25 MeV and
8' = -15 Me V which is to be compared with V = -40
MeV and 8' = -15 MeV found' at 60 MeV.

C. DNA without recoil

We have performed no-recoil DWBA calcula-
tions" with finite range form factors. " The no-

IO-

O.I-

1.0~
I.O-

O. l-

t
2.03

2.49

3.46-

3.96.

cg O, l,.~~

I.Q-

I.0-
~1

Q. I .

O. l-

I.O W4-p

O.I-

2.0-2.4.
'I

.52

,50

.97

E

p. t

E

Ci

O.OI-'t

0~

'/' 'e

I I I

54F (I60)5N)55C

--E =60MeV
L

EL=IO4MeV

9.8I
t

0' 20 40' 60'
ec.m.

O.O1

0' 2Q' 40 60'
ac.~.

I

2
I

3
d, (fm)

I

4

FIG. 5. Transfer data for Ni target. The solid curves
are DWBA calculations with recoil. The excitation ener-
gies measured in the present experiment (+ 50 keV) are
indicated. The dashed lines connect data points from
groups believed to be the result of transfer to excited
~tates of the outgoing projectile (see text).

FIG. 6. The apsidal distributions for Fe( O, SN)5 Co

g.s. as deduced [Eqs. (1) and (2)] from measurements at
bombarding energies of 60 NeV (Ref. 10) and 104 MeV

(this experiment). The quantity do is the classical
apsidal distance [Eq. (2)] divided by (Ag +A2 ).
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recoil selection rules are"
("0, "N): I, = 1+1 for j =j&,

L=l-1 for j=j&,
("C, "B): L= I-I and 1+1, j=j & or j&,

(5)

lo-
62 . 63

Ni Cu

0.5-

where I is the allowed angular momentum transfer
and l and j are the orbital and total angular mo-
menta of the transferred nucleon in the target
(post-representation). In Eg. (5) j&

=—I+-,' and

The target spectroscopic factors (C'S) obtained
with ("0, "N) for selected states in "Co and "Cu
are shown in Fig. 7. We include also light-ion
results and ("0, "N) results" at E =60 MeV. The
no-recoil DWBA calculations employ a normaliza-
tion factor obtained' from an analysis of '"Pb-
(160 15N)

As noted previously, ' "'" the target spectros-
copic factors deduced for j& states are reasonably
consistent with light-ion results (C'S z 1), while
those deduced for j& states are grossly overesti-
mated, ""e.g., by factors of 2 to 10. The dis-
crepancies become more pronounced at high bom-
barding energies: at 60 MeV the apparent O'S for
"Cu j& states (If», and 2P„,) 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
bombarding energy. This suggests that no-recoil
DWBA is probably unreliable for both j& and j&
final states.

l.p-
0.5-

u 0.5-

O

v O.l-
a
v- 5

~ 9/2I

0 c'

~ I s/a
o 2

pt/p

D. DWBA with recoil

("0, "N): L = I+1 and I for j =j&,

L=/-1 and l for j=j&,
("C, "B): L =I —1, I, and I+1, j =j& or j& .

(6)

Calculations have also been performed with the
full finite-range DWBA program LOLA ." The in-
clusion of recoil introduces the so-called nonnor-
mal parity L transfers: The selection rules are
then' '

oe~

0o 05-

"ce o
0.5-

I.O-

0.5- 0
0 ~9/2

lo

-2-IO

E

Ct

IQ

I 1

62~. (I60I5N)6'
04 MeV

Umxl0

O. l

tlat (I

60MeV l04MeV
(u, t) ( He, d) (' 0.' N) IQ

L=O

FIG. 7. 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 I and II). The heavy-ion results are at
bombarding energies of 60 MeV (Ref. 10) and 104 MeV
{this experiment). The closed and open circles repre-
sent DNA calculations with and without recoil, re-
spectively.

0
I I

20
I I

40 60

FIG. 8. A comparison of DNBA calculations {with
recoil) for ( 0, N) to a j =2pt/2 state. The normal
parity (L, =0, lower solid line) and nonnormal parity
(L =1, dashed line) are shown separately and summed.
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In all cases, then, the cross section will be an
incoherent sum over several L transfers, with the
largest L transfer usually favored kinematically.
This latter feature affects the j& states most
strongly. ' The normal and nonnormal parity L
transfers allowed by (6) are listed in Tables I and
II.

We illustrate the contributions of the normal and
nonnormal f. transfers in Fig. 6 for "Ni("0, "N)-
"Cu 2P», , It should be noted that the contribution
from the nonnormal L transfer vanishes, exactly,
at 8 = 0' (and also' 160'), and that the angular dis-
tributions of the normal and nonnormal L transfers
are out of phase, thus minimizing oscillations in
the summed cross section. The relative contribu-
tion of the nonnormal L transfers to the cross
sections at 8= 20' are as follows: ("0,"N),
o „,„„., „~/o„„,» = 10-35% while for ("C, "8),

ever, is the effect of recoil on the DWBA ampli-
tudes for all L transfers. '

In Figs. 4 and 5 we display the calculated angu-
lar distributions. The target spectroscopic factors
deduced are given in Tables I and II and compared
with light-ion results in the tables and in Fig. 7.
We have also reanalyzed the ("0,"N) data at 60
MeV using DWBA with recoil, and these results are
also shown in Fig. 7. The C'S values deduced from
the calculations including recoil assumed unity
normalization and no parameters have been adjust-
ed. It can be seen that the C'S values obtained for
both j& and j& states are now comparable to those
obtained with light ions, and no longer display such
dramatic variations with bombarding energy.
There still are some discrepancies, e.g., the
2P»o and 2P„, cross se ctions are overestimated
(if one assumes the light-ion results to be correct)
compared with higher spin states. This most likely
reflects inadequacies in the bound state potentials
used, particularly the spin orbit potential, in that
the different reactions are sensitive to different
radial parts of the nuclear wave functions and not
just the over-all normalization or spectroscopic
factor.

The calculated angular distributions (Figs. 4 and
5) give acceptable fits (without parameter adjust-
ments) to the data for transitions to levels near
the g.s. in "Co and "Cu. These transitions have

Q values yielding reasonably good momentum
matching in the incident and outgoing channels,
i.e., Q=Q, ~, ."'" The more endothermic transi-
tions are not fitted very well: the DWBA predic-
tions (with or without recoil) shift back with in-
creasingly negative Q value whereas the data do
not and, if anything, they perhaps shift forward.
This effect has been observed in many heavy-ion
reactions' ' ' "'"and is not yet understood.

Calculations for groups involving projectile ex-
citation, e.g. ("C, "8*)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
other heavy-ion reactions. " In Tables I and II we
have used peak or integrated cross sections to
deduce spectroscopic factors where the DWBA fits
are poor.

E. j assignments

Unlike ('He, d), (u, t), etc. , the I, transfer al-
lowed in heavy-ion reactions such as ("0, "N) and
("C, "8)depends on the j value of the target state
[see Eq. (6)]. Depending on the kinematics, i.e.,

Q value for a given transition, the ("0, "N) and
("C, "8) cross sections for levels of the same I
but different j may differ substantially. In prin-
ciple, then, only the correct j value will give con-
sistent spectroscopic factors between heavy-ion
and light-ion data. Previous attempts to use this
feature have been hampered by lack of reliable
theoretical calculations. ' Also, for some reac-
tions, notably ('Li, 8He}, the shapes of the angular
distributions exhibit a j dependence. "

There are many levels in "Co and "Cu for which
l values have been assigned. The j assignments,
however, are less certain and often in conflict be-
tween different analyses. We have deduced spec-
troscopic factors for many such levels assuming
both j= l+-,' and j= l ——,'. The results are listed in
Tables I and II together with O'S values for states
where previous j assignments are thought to be
reliable. A comparison of the ("C, "8), ('60, "N),
and the light-ion results permits a j assignment to
be made or allows one to verify a previous assign-
ment.

1. Levels in Co

Based on the results given in Table I, the follow-
ing information concerning the levels in "Co is ob-
tained: The 2.13, 2.57, 3.65, and 4.70 MeV states
indicate j'=2, while for E, =2.95 MeV, j =-,' is
preferred. The results for the levels at E„=S.SO,
4.17, and 5.74 MeV are not inconsistent with the
assignment j"=-', , although our C'S values appear
to be somewhat too large (QC'S& 1). The levels
at E„=6and 8.5 MeV are seen as prominent groups
in both ("O, "N} and (a, t) and are likely j' =-'
with C'S= 0.4 and 0.2, respectively. Furthermore,
we observe a level at E„=8.96 MeV which would
have O'S=0.04 if j"=-,' . No l assignments for this
state are available, however.

2. Levels in Cu

The situation for "Cu is less favorable com-
pared with "Co regarding j assignments. Unlike
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"Co, the Q values are such that kinematics ap-
parently do not favor the larger I. transfers.
Thus, the spectroscopic factors deduced for some
states are not distinct enough to permit unambig-
uous spin assignments. Some preferences are in-
dicated, however.

The results for E„=0.70 MeV appear most con-
sistent for j'=-,' (see Table II), since for j"=—,

'
our C'S values would then be =-,' the light-ion re-
sults. Similarly, j = ~ for E, =0.97 and 1.40
Me Y appears preferable to j"= -,', but the latter
cannot be ruled out by our analysis. [In comparing
our ("C, "8) and ("0,"N) spectroscopic factors,
it should be noted that the former are consistently
smaller than the latter. This, however, may re-
flect upon our choice for the projectile spectro-
scopic factors, etc.]

The ("C, "8)data for E„=2.0 MeV were ob-
scured by excitation of "B, and thus only the
("0, "N) and light-ion data are available. These
show a slight preference for j"= —,

' . The other
groups, at E„=2.5, 3.2, 3.5, and 4 MeV indicate

MeV group seen in ("0, "N) is probably j'= ~
(O'S =0.03) as the Q value for this level is highly
restrictive and favors high-spin states only.

F. Projectile excitation

The data for ("C, "8*, E„=2MeV} have been
used to deduce "Co g.s. and "Cu g.s. spectro-

scopic factors with "8*C'S(=0.8) taken from the
literature" (see Table I and II). Alternately, we
can use the ("C, "8) and ("C, "8*)data to the
same final states to deduce the spectroscopic fac-
tor for»B* This give

C'S("8*, E, =2 MeV) =1.14.

V. CONCLUSIONS

We conclude the following from the analysis of
the ("C, "8}and ("0, "'N) reactions on ~Fe and
"Ni at E("C)= 78 and E('60) = 104 MeV: (a) Full
finite range DWBA, i.e., including recoil, 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
reproduced by DWBA with or without recoil. (c)
Analysis using full finite-range DWBA allows j
assignments for certain levels, depending on the
kinematic features of the transition.
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