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Abstracts 1'he s+ Fe(P, t)s=Fe reaction at 45 MeV has been used to study states of °=Fe. Characteristic
Lrtransfers in the angular distributions were used to assign z 40 spins and parities . An f.,~~ shell
model, withadmixtures calculated in first-order perturbation theory, successfully accounts for both
the location and strength of many ofthe observed levels.

NUCLEAR REACTIONS s+Fe(p, t), E = 45 MeV ; measured o(E,, B). s~Fededuced levels,
L, J, tt . Enriched target, magnetic spectrograph. Shell model calculation.

1. Introdtxtioo

Studies of the sZFe nucleus are important for understanding nuclear structure in
the upper part of the f~ shell . The structure of this nucleus has been investigated in
the past with the (3He, n) [refs . t, 2)] and (p, t) reactions 3-e). Spins and parities were
assigned only to the most strongly excited states, which are characterized mainly
by L = 0, 2 and 4angular momentum transfers. Many of the weaker states remained
unassigned, and there existed several controversies concerning even the stronger
states .
The present high resolution experiment permits the finding of spins and parities

for about forty levels with excitation energies up to 10 MeV. The comparison of the
measured çross sections with the DWBA calculations provide some information
about the distribution off~ a strength among the states . Admixtures of other orbitals
which would drastically affect the cross section especially for L =0 are accounted
for by a first-order perturbation theory calculation.

2. Experiment

A beam of protons accelerated to an energy of 45 MeV by the Michigan State
University Cyclotron bombarded a 250 ug/cm2 target of s`Fe enriched to 96.7 ~,
which was deposited on 20 ~g/cmZ t ZC foil . The position of triton groups on the

t Work supported in part by the National Science Foundation .
tt On leave groin the Institute of Experimental Physics of the University of Warsaw .
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focal plane ofan Enge split-pole spectrograph was measured by a delay-line counter')
backed with proportional and scintillation counters which provided energy loss and
time-of-flight measurements for discrimination against other particles . The average
resolution (FWHM) was ,. 15 keV. The length of the position sensitive counter
(25 cm) corresponded to

	

5 MeV interval in excitation energy .
The angular distributions were measured in the 6°~0° angular range in 2° steps

at forward angles, and 3°-5° steps at more backward angles . For each angle the target
was exposed to the beam for a total charge of 1-10 mC.

ioo

3. Results

The spectrum of tritons measured at 14° is shown in fig . 1 . The only impurities
present come from carbon, oxygen, and the 2.3 ~ admixture of'6Fe in the target .
The intensities of the peaks were extracted from measured spectra by a fitting proce-
dure which used experimental line shapes derived from the most intense peaks. The
cross sections were obtained by normalizing measured yield to the yield of protons
elastically scattered from the same target. The elastic scattering cross section was
calculated with typical proton optical model parameters 8). The resulting target
thickness agreed with a-particle energy loss measurements to within 15 ~.

Fig . 1 . Spectrum of tritons at 14°.
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8 (deg)
Fig. 2. Angular distributions oftritons from the "Fe(p, t)'~Fe reaction . Lines are drawn to guidethe eye.

Themeasured angular distributions are shown in figs. 2 and 3. They exhibit features
prominent enough to make a distinction between different L-transfers for all the
stronger states. One step two-neutron pickup excites only natural parity states
(assuming the transfered neutron pair is in a S = 0 configurations and since the target
is 0+, it was possible to infer spins and parities of the observed states from the L-
transfer. They are listed together with excitation energies in table 1 .
The measured excitation energies are free from the error connectes with the non-

linearities of the delay-line counter: This was achieved by calibrating the counter
using the positions of the triton group corresponding to the ground state of t°C
at many different settings of the spectrograph magnetic field. The isospin assignments
in table 1 are based on the :,orrespondence to the parent nuclei, sZMn for T= 1
and s2Cr for T= 2. For s2Mn this included a comparison to the strength and angular
distribution of the L-~ansfer observed in the s4F~P, 3He) reaction 9).



8 (deg)
Fig. 3 . Same as fig. 2 .

The identification ofL-transfer values was based mainly on systematics ofthe slope
and the positions ofthe minima and maxima of the angular distributions. The angles
corresponding to minima and maxima were determined by comparison to the line
representing the average slope ofthe differential cross section on a logarithmic scale.
The average slope appeared to be approximately a linear function of L and changed
from x 1.5 decades per 60° for L = 0 to 0.65 decades per 60° for L = 6. This
procedure enhanced less-pronounced minima and maxima and helped to localize
them for all L-transfers in a systematic way. The positions of minima and maxima
for all identified Utransfers are shown in fig. 4. They group around values which
follow a well-defined systematic trend. The scatter of values represents the errors in
the measurements(especially importantfor flat andweak extrema) and the differences
in shape of individual angular distributions for a given L-transfer . As in any spin
assignments with direct reactions, there are many effects which can lead to mis-
identification. These include unresolved multiple states in the same peak, extreme
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Tws~.s 1

Excitation energies and spin-parity assignments for levels of S2Fe

E, (keV)

0
850t 5
2385t 5
2762t 5
3583t 5
4142 f 10
4326 f 8
4400t 5
4456t 8
4869 t 15
4896 t 15
5134 f 8
5328t 8
5363 f 5
5439 t 15
5483t20
5529 t 20
5563 t 8
5652t 8
5718 f 8
5792f10
5829t 5
5965t15

t
6~044f S
6174f15
6231 t15
6416t 5
6454t15
6483t 5
6531 t10
6564 t 8
6634f10

6714t 8
6744f15
6772t 8
6882 t 5
6927t15
7013 t 5
7124 f 10
7261 t 15
7289 t 8
7338 t 10
7463 ~ 8
7510 f 15
7611t10

(p, t), E =p

.1`

45 MeV `)

2n (~b)

(p, t), Eo =

E, (MeV)

40 MeV )

J"

('He, n~ E,,~ =

E, (MeV)

13 MeV )

J`

0* 13 .4 0.0 0* 0.0 0*
2* 6.0 0.84 2* 0.84 2*
4* 1 .5 2.36 4* 2.36 4*
(2 *) 0.27 2.74 2.75 2*
4* 1.3 3.55 2* 3.59 4*
0* 0.57 4.14 0* 4.16 0*

0.55
3' 6.7 4.36 4+ 4.43 2*
2* 0.44

0.44 4.86 (5 )
0.11

5' 2.7 5.11 (3 -)
4* 0.92
0* 3.1 5.31 0* 5.36 0*

0.32
4* 0.11
4+ 0.10
(3') 0.25
6* T= 1 1 .6 5.65 6*
0* 0.66 5.76 0*

0.48 5.79
2* 0.88 5.82 2*
4* 0.26

2+~
+

T = 1 26 6.02 4* 6.07 (2*)

(6*) 0.23
0.15

4* T= 1 4.7 6.38 5-
0.~49

2+ 0.85 6.52 3'
0.27
0.39

(0*) 0.25
6.70 2*

0.65 6.67 2*

(2 +) 0.19
1 - 0.25
0* 2.0 6.84 0*
3- 0.95 6.98
(4+) 0.31 7.12
(6*) 0.32

0.61 7.24 7.28
0.13

2* 0.60 7.42 7.47 2*
0.20

6* T= 1 0.84
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TAHLE 1 (continued)

(p, t), EP = 45 MeV ")

	

(p, t), Eo = 40 MeV ") ('He,n~ E, H° = 13 MeV °)

") Present exixc'iment .

	

~~ Itef:').

	

°) Ref; ') .
°) Doublet of two 0* levels separated by x 4 keV.
°) Level with probable multiplet structure.

Es (keV) J` 2a (pb) E, (MeV) 1` E, (MeV) J"

7636 f 15 4* T = 1 0.73 7.58 7.64
7787 t 10 0.26
7817 t 15 0.16 7.82
7935 t 10 2* 0.60
8037 f 15 0* 0.17 8.05 0*
8067 t 8 0.23
8097 t 10 0.32
8122 f 15 0.13
8146 f 10 3- 0.18
8184 f 10 0.27
8207 f 8 (~ -) 0.54
8240 t 10 0.72
8327 f 10 (3-) 0.64
8354t 5 2* (T = 1) 1 .6 8.33 (4*) 8.36 2*
8401 f 8 2* 0.55
8425 f 15 0.25
8461 f 10
8511 f 8 4* 0.76
8535t 5 4* 2.7
8561 ~ 5 ~ 0* T = 2 7.3 8.52 0* 8.57 0*
8618f 8 0.55
8661 f15 (4+) 0.27
8677 f 10 0.34
8727 f 15
8748 f10 4* (T = 1) 1 .3
8770t10 (3-) 0.87
8832 t 10 0.31
8872 t 10
8900t 8 (2*) 0.44
8936 t 10 0.35
8962f10 °) (6*) (T = 1) 2.2 8.92
8985 f 10
9044 f !5 0.29 9.01 2 *
9059f15 0.46

9.13
9213f 8 0.56
3279f 8 4* ,1 .3 9.26 9.25
9311 t 8 _
9338t10 0,76
9357 f 15
9458f10 0.36
9497t 8 0.57 9.47

9.77
10006t 5 (2+) (T= 2) 1.4 9.99 2*
10049f10 O.S6 10.06 2*
10332f 5 0* 1. .5 10.31 0*
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3 .1 . THE L = 0 TRANSITIONS

~Felp,t 1~Fe
Ep=45 MeV

Fig. 4. The positions of maxima and minima in the experimental differential cross sections (full and
open circles, respectively) and in the DWBA calculations (solid and dotted lines) . For each Irvalue

they are ordered with increasing excitation energy from 1eß to right .

statistical fluctuations at the crucial angles and strong two-step contributions
disturbing the shape ofthe angular distribution. Many states have their spin assign-
ments bracketed because distinct features of the angular distribution do not conform
exactly to those of any L-transfer. Within the framework of the systematics described
above and the assumption of a direct single-step process, each assignment is really
a best estimate ofthe spin, and the bracket indicates avery weak distinction from other
L-transfers.

It is seen from fig. 4 that it is not always possible to distinguish unambiguously
between neighboring Irvalues if the distinction is limited to analysis of the positions
of local extrema. This is the case in a comparison of L =1 to L = 2 and L = 3 to
L = 4 transitions. Fortunately in this situation there are well-pronounced differences
at forward angles which in most cases are able to remove the ambiguities . The differ-
ential cross sections for L = 1 transitions drop down at angles less than 10° whereas
L = 2 transitions exhibit the opposite trend. A similar situation exists in the case
ofL = 4 and 3 transitions. These trends at forward angles are also well described by
DWBA calculations (see figs . 5 and 6).

The prominent oscillatory character of the angular distributions for these transi-
tions allows one to distinguish them unambiguously from other transitions . Nine
transitions were identified as L = 0 in the excitation region investigated. The strongest
ones lead to the ground state and to the 0+, T = 2 state found in earlier works near
8.5 MeV [refs . t -`~ s)] . The present experiment shows that in fact the 0+, T= 2



à
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Fig . 5 . Examples of DWBA fits to experimental angular distributions for even-L transfers .

AG ,n(d~q 1

Fig . 6 . Examples of DWBA fits to experimental angular distributions for odd-L transfers.
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state is split into two states separated by about 4 keV but the energy resolution was
not good enough to measure both angular distributions separately . Such splitting is
a common occurrence for nuclei in the f~ shell io).

3.2. THE L = 2 TRANSITIONS

There are two types of shapes of L = 2 transitions which differ at forward angles .
They are grouped in fig . 2. The strongest transitions excite thé first 2+, T = 0 state
and the first 2+, T = 1 state, which again appears to be split into two states 10 f1keV
apart. In ref. 3~ an assignment J~ = 4+ was made for a state at 6.02 MeV as
well as for a state at 8.33 MeV and is therefore in contradiction with the present
work.

Direct measurement of the angular distribution of the 2.762 MeV state was not
possible because it wasobscured by tritons from the s~Fe 6.325 MeV, 3 - state which
is strongly excited in the (p, t) reaction on the s6Fe admixture in the target. The
extraction of this contribution is based on the measured cross section for the
ssFe(p, t)s4Fe reaction at the same energy 11 ) and yielded an L = (2) angular distribu-
tion in agreement with the 2+ assignment for this state in ref. 1).

3.3 . THE L = 4 TRANSITIONS

As was mentioned above the angular distribution forL = 4 andL = 3 transitions
often are quite similar, and it is necessary to be very careful in the identification. The
strongest L = 4 transition is to the 4+, T = 1 state at 6.416 MeV. Ref. 3) identified
this state at 5 - . The difference between experimental angular distributions for
L = 4 and L = 5 transitions measured in the present experiment is large enough
to rule out this possibility . Our assignment of spin and parity 4+ for the state at
3.583 MeV does not agree with the 2+ assignments of ref. 3), but it does agree with
the result of ref 1).

3.4. THE L = 6 TRANSITIONS

The main feature of these transitions is peaking around 30°. The strongest transi-
tions lead to the analog of the' sZMn, 6+, T = 1 ground state at 5.652 MeV and to
the 6+ , T = 1 state at 7.611 MeV. The angular distribution of the strong transition
to the state at 8.962 MeVhas a shape which suggests an admixture ofanother L-value
(probably 4 or 5) from an unresolved nearby state . Because of thç lack of a distinct
signature, it is probable several strong L = 6 states were missed.

3.5 . THE ODD-L TRANSITIONS

One of the most strongly excited states is at 4.400 MeV with an L = 3 angular



distribution. In previous (p, t) work s) this state was identified as 4+ . The strong
excitation of this state and its low energy suggest that it is the collective octupole
vibration which occurs in all f-p shell nuclei around this energy. The lack of a steep
rise at forward angles makes an L = 3 assignment for the 5.56 MeV state tentative.
One 5- state wasobserved at 5.134MeV; in ref. s) it was tentatively identified as 3-

4. DWBA analysis and discussion

Up to the present, a theory which can account for all states observed in ' ZFe has
not been attempted . However, calculations assuming lf~ a configurations which
account for many of the positive parity levels have been carried out ta) . Since the
excitation energies and electromagnetic transition strengths for many of the levels in
s~Fe and s ZFe seem to be well described by the f~ wave functions ls .ts), DWBA
calculations for positive parity states were performed with the zero-range code
DWUCK under the assumption ofpure f~ two-neutron pickup . As will be discussed
below the pickup strength is strongly enhanced by the coherent contributions of
many orbitals, especially for L = 0. However, the dominant effect of these contribu-
tions can be treated as an overall enhancement factor since the amplitudes for con-
figurations outside the f~ shell are small (and hence perturbation theory can be
applied) and since the DWBA angular distributions are insensitive to the particular
orbits involved in the two-neutron pickup.
The optical model parameters listed in table 2 were the same as used in ref. t Z).

Examples of DWBA fits with pure f~ pickup for positive parity states and f~d~
pickup for negative parity states are shown in figs . 5 and 6. The shapes ofthese calcu-
lated angular distributions depend very little on the details ofthe radial form factors.
They.are mainly determined by the distorted waves in the entrance and exit channels.
Zero-range DWBA calculations were not able to produce good fits to the shapes

of the experimental L = 5 and 6 angular distributions. As can be seen from fig. 4
the position of the first maximum for these transitions systematically deviates from
experimental values. This leads to a problem in evaluating the 6 + strengths, as will
be discussed below.

T~u 2

Optical potential and neutron bound state well parameters used in the DWBA calculations

V Vo ra a o W Wp ~ d ra ,
(Me~ (fm) (fm) (Me~ (Me~ (fm) (fm) (fm)

protons

	

47.5 1 .20 0.70

	

13.0 1 .25 0 .70 1 .25
tritons

	

173.9 1 .15 0 .72 20.6

	

1 .50 0.82 1 .40
bound neutron

	

Y~

	

1 .25

	

0.65

	

25

') Thomas spin-orbit factor .
~ Fitted. to a neutron binding energy equal to ~}(B~; ~ +E,) .
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The experimental cross sections were compared with DWUCK cross sections
using the formula :

where Q°=P and auwucK are the experimental and DWBA cross sections integrated
over the angular interval 6°~0°. The constant 9.72 accounts for the details of the
triton wave function andthe range of the interaction t3), whereas eDô is a normaliza-
tion factor which will be discussed later . The spectroscopic amplitude, S~, in the
case of pickup of two neutrons coupled to spin J from a filled shell, is (2J+1)ßa.
Thequantity aZ is the probability of the (f~ 2 )~ neutron configuration in the final state.

Thus, for each level a multiplicative factor EDôa 2 was extracted from the DWBA
analysis. The relative values of a2 were compared with the predictions of a f~ shell-
model calculation by normalizing eDô to the state which should carry the most pure

Normalization factors used in the DWBA analysis and calculated enhancement factors

o~=P = 9.72(eDôxS})2(2J+1)-1Qpwuc~o

T~a~e 3

') From a comparison ofintegrated cross section between 6° and 60° to the DWBA cross sections for
selected states (see text) .

") The experimental and DWBAcross sections corresponding to the 5 .65 MeV state were normalized at
30°.

°) In units of 104 MeV ~ fm' .

T~+st~ 4

Comparison of experimental strength with theoretical ~~i strength for 0+ levels

J' eDô exp
fp orbitals

e Dô °)

sd-fp-g9~z

e

orbitals

Dô °)

0 + 93 ') 2 .16 43 4.33 21
2+ 44 ') 1 .49 30 2.26 19
4+ 22 ') 1 .10 20 1 .32 16
6+ 16 ~ 1 .00 16 1 .03 16

E~ (MeV)

Experiment

a~ ~ a=

Theory

Es (MeV) a=

0.00 0.510 0.00 0.558
4.14 0 .0}8
5.36 0.106
5.72 0.021T = 0 0.227 7 .53 0 .1816.63 0 .007
6.93 0 .068
8 .04 0 .007
10.33 0.050 10.92 0.011

total 0 .788 0.750

T = 2 8.56 0.250 8.06 0.250



TABLE 5

Same as tablé 4 for 2+ levels

~Ja% _ ~, ~Jp Jne Ja)Vp Z~Jp)ln Z~JnI"air
JaJp

f~ 2 strength för each Irtransfer . These were isolated, strongly excited states which
correspond closely in excitation energy to calculated energies . The following states
were chosen ; 0 +, the T = 2, 8.56MeV state; 2+, the lowest T = 1, 6.03 MeV state ;
4+, the lowest T = 1 state at 6.42 MeV; 6+ , the lowest T = 1 state at 5.65 MeV.
The experimental normalization factors eDô obtained this way for each spin are
listed in the second column of table 3. The extracted pickup strengths are compared
with the theoretical f~ strengths a2 in tables 4^7 and in fig. 7.
The f~ calculations were carried out with the eight two-body matrix elements

with J = 0-7 taken from the experimentally .observed 34Co energy levels which are
thought to have predominantly f~ Z configurations ta) . These levels are 0, 937, 1446,
2278, 2630, 2151, 3085 and 199 keV for J = 0 through 7, respectively . With these
matrix elements the T~ = 56 sec, isomeric 12 + level in sZFe [ref. ls)] is predicted at
6. 974 MeV compared with the observed energy of 6.83 f0.25 MeV. It also predicts
correctly that the 10+ state lies above the 12 + state. The wave functions for sZFe
were obtained in the proton-neutron coupling scheme in the form

E, (MeV)

Experiment

a~ ~aZ

Theory

E, (MeV) a~

0 .85 0.277 I .OS 0 .354
(2 .76 0.013)
4 .46 0.023
5 .83 0.047 5 .98 0 .031
6 .48 0.045

T=0 (6.77 0.011) 0 .263
7 .46 0.033
7 .93 0.034
8 .40 0.032
(8 .90 0.025)

9 .47 0.003
9 .94 0.028

total 0 .540 0.417

6 .03 0.207 ~
6.04 0.136 0.343 5 .51 0 .343

~T = 1 8.35 0.092 8.85 0.157
10 .37 0.000

total 0.435 0.500

T = 2 (10.01 0.083) 9.50 0.083
11 .35 0.000



198

	

P. DECOWSKI e~ al .

Teste 6

T= 0

total

T = 1

total

T = 2

T = 0

total

T= 2

E, (Me~

Same as table 4 for

Experiment

a~

4+ levels

~a~

Theory

Es(Me~ a~

2.39 0.106 ~ 0.206 2.73 0.208
3.58 0.100
5.33 0.079
5.48 0.010
5.53 0.008 0.149
5.97 0.023 5.87 0.170

(7 .12 0.029)
7.99 0.018

8.51 0.079
8.54 0.279 0.532(8 .66 0.029)
9.28 0.145 9.92 0.021

10.14 0.000
0.887 0.417

6.42 0.424 6.07 0.424
7.64 0.071 7.73 0.012
8.75 0.137 10.16 0.042

11 .29 0.019
0.561 0.500

10.45 0.000
10 .69 0.083

Test~ 7
Same as table 4 for 6+ levels

Experiment Theory

E~ (Me~ a2 ~a= E, (Me~ a~

4.33 0.207
5.37 0.110

(6.17 0.042)
(7.26 0.065) 7.82 0.070

8.31 0.015
11 .11 0.016

0.417

5.65 0.287 5.22 0.287
7.61 0.177 7.79 0.146

(8 .96) 8.78 0.023
11 .19 0.043

0.464 0.500

11 .14 0.083



Ex (MeV)

Fig. 7. The comparison of measured pickup strength with theoretically predicted iii strength .

where a distinguishes states with the same J. The s4Fe wave function is Ur 2(JP = 0)J
in this model. The (p, t) amplitudes are then just [a(Jp = 0, Jo = Ja = L, J~].
The experimental and theoretical pickup strengths summed over all the 0+ states

given in table 4 are in good agreement . The strength of the theoretical state at
7.53 MeV appears to be divided among six additional states. This large number of
0+ states can be accounted for by excited seniority-zero states as well as states
originating from the seniority-four couplings of excited states in s4Fe below 4 MeV.
The importance of using an exact f~ shell model as opposed to the simple pairing
model t ') or pure seniority f.~ model t s) is shown by the ratio of the cross sections
for the T = 0 ground-state to the T = 2, 8.56 MeV state. The latter models assume
that the s 2Fe ground and T =2, 0+ state have pure seniority zero, in which case
their cross section ratio is given by isospin Clebsch-Gordan coefficients to be 3.
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In the exact ~ calculation this ratio is 2.23 as compared with the experimental value
of 2.04.
For L = 2 and 4 the lowest few states of each isospin are well reproduced both

in energy and strength by the f~ model. The strength of the T = 0, L = 4 and 6
transitions appears to be divided between two experimental levels for each spin the
summed strength of which corresponds to the strength of a single level predicted
in the f~ model. This is just the situation which would be expected if the ground
state of S4Fe were predominantly f,~ Z and the excited states in °ZFe were f~ ° mixed
with core excited configurations . In addition there is a large enhancement of T = 0
strength beyond the f~ model in the region of 4-9 MeV especially for L = 4. This
is indicative of a lp-3h admixture in the S4Fe ground state which would allow the
direct population of excited states in SZFe via a f~pt L = 2, 4 pickup or the pickup
of two particles from the sd shell . The role of 2p-4h admixtures in'4Fe will be dis-
cussed below.
The normalization factors eDâ given in table 3 show a large variation with J.

The large value of eDô for J = 0 indicates the enhanced probability of fording two
neutrons in a relative Os state at the nuclear surface. This enhancement can be found
in the shell model when a large number of orbitals, at least all the orbitals in a major
shell, are coherently mixed via a short-range attractive interaction. In its extreme
this coherence leads to the BCS pairing model, a model which appears to work
best, for example, in the Pb isotopes where most of the J = 0sum rule limit is found
in ground states te).

In the f~ shell the f~ component dominates the wave function and therefore the
effect of the two-nucleon correlations can be estimated in perturbation theory. The
situation for s~Fe(p, t)s2Fe reaction is illustrated diagrammatically in fig . 8. Fig. 8a
shows the wroth-order process, which is the result of the two-neutron annihilation
operator t~ M, _ -~n (jo+~)#A [(jô ),] acting on the initial state of two proton
holes with JP = 0 and a filled shell of neutrons . Fig. 8b represents the effect of the
admixture of two neutron holes in the ld-2s orbitals in the final state, and fig . 8c
represents the admixture of two neutron particles-in the 2p-lf~.-lg,~ orbitals in the

Jp=0 Jn=J

f

Jp#0

Jp=0

	

Jp=0
(a)

	

(b)

	

(c)

	

(d)

Fig. 8 . Diagrams ofthe "Fe(p, t)'~Fe reaction assuming, (a) the wroth-order process with "Fe inapure
(jp = 1f, l~JP o configuration and "Fe in a pure (jP = lf, f,)J? o(j= = lf,~~)~;, configuration, (b) a
first-order process which includes two-hole admixtures in '~~e, and (c) a fast-order process which
includes two-particle admixtures in ' 4Fe . Diagram (d) shows a first-order process due to three-hole

one-particle admixtures with (jp = 1f,~3)~*o in "Fe .
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initial state . The wroth-order process gives S~(2J+1) -~ = 1, and the amplitudes
for the first-order processes (figs. 8b and c) are

where

~Vo1o)

	

-~.hJI V~IoÎoJi

These have been calculated with a delta function two-body interaction adjusted to
give the f~, J = 0~ splitting of 3.085 MeV and with the single particle energies d
appropriate for 56Ni taken from Harvey and Khanna z°). The results are given in
table 8.
The enhancement factor e was then calculated from the expression

The ratio of the square root oftheDWUCKcross sections, including the appropriate
phase factor, was obtained at an angle for a maximum in the angular distribution
for each J; 20°, x 32°, ;., 17° and :.. 38° for J = 0-6, respectively . This isjustified
because the ratios of the DWBA angular distributions are nearly independent of
angle. In addition the ratios ofthe DWUCK cross sections are not very sensitive to
the Q-value over the range of excitation energies studied [see fig. 1 in ref. si)] . The
values of ~Î°h) are given in table 8, and the enhancement factor E is given in table 3.
From fig. 8 one can see that the effect of the first-order diagrams 8b and 8c is

simply to renormalize the two-neutron transfer operator by a factor e which is inde-
pendent of the detailed f~ configurations involved. That is, except for the small Q-
value dependence in S and the single particle energy dependence in eq . (1), the scone

value of E should describe all two-neutron transfer processes in the f.~ shell. This
renormalization effect has been found experimentally for the (t, p) reactions on the
Ca isotopes ss).

Even though the probabilities of the core-excited components are quite small
(16.6 ~ and 1.5 ~ for J = 0 and 2, respectively e is very large especially for L = 0
because the contributions are all coherent, and many of the configurations for
example(2s~)Z and (2p~)i have a large component ofOsrelative motion . Themonopole
pairing is predominant, but there is also a large quadrupole pairing enhancement.
There are several first-0rder and many higher-order diagrams which cannot be

considered as a renonmalization of the f~ amplitudes, but their effects are probably
much less important than the ones discussed above. An example is fig. 8d which
shows particles which are picked up from the lft and 2p ß orbitals leaving'ZFe in a
state with the two protons in a 2+ or 4+ configurations . This diagram represents
the (p, t) reaction amplitude due to the S~Fe, f~ s 2+ or 4+ states and thus obviously



cannot be considered as enhancement factor . The size of this etFect together with the
dynamic efFect of exciting these states in 54Fe by a two-step reaction process can be
estimated experimentally from the enhancement of the J = 2 cross section in S ZFe
as about 20-30~ so of the total cross section. The contribution of these processes
for the strongly excited, isolated f~. states which were used to extract eDô is then
probably 5 20 ~.
The experimental and theoretical enhancement factors are compared in table 3.

It is interesting to investigate the enhancement factor due to a major shell alone.
Considering only the fP configurations in table 8, the enhancement factors are 2.40,
1.50, 1.10 and 1 .00 for J = 0~, respectively . These values lead to an average Dô of
about 33 for J = 0~, which is a typical value needed in the sd shell using complete
(sd)" wave functions 12 ) . An analysis 21 ) of the (t, p) reaction for L = 0 transfers
over the entire periodic table using complete major shell wave functions yielded a
similar average Dô value ( x 32). For J = 0 the enhancement factor would be 7.86
for the sum rule Z `) [Q = ~,Q(j'2)] which means that only about 30 ~ of the fP
shell sum rule is exhausted in the 54Fe ground state .

Finally the enhancement factors were calculated with all of the sd-fP-gt compo-
nents given in table 8, and an average value of Dô = 20 was obtained for J = 0-6.
This still large value of Dô can originate from the approximations made in the zero-
range DWBA calculation as well as from the neglect of additional pair correlation
effects from orbitals further from the Fermi surface z3)

. An important phenomenolog-
ical question is how many orbits need to be considered so that Dâ is independent of
L. From table 3 it appears that a major shell is probably not sufficient in this case
since much of the J = 0 and 2 enhancement comes from the sd shell .

In this mass region the L = 6 pickup is the least affected of the L-values by con-
figuration mixing. However, it is difïYCUlt to extract a believable enhancement factor
in this case because the L = 6 angular distributions are badly fitted by the zero-range
DWBA. Because of the simple shell model structure for the L = 6 pickup especially
for the two lowest T = 1 states it would be very instructive to carry out finite-range
DWBA calculations to attempt to explain the angular distributions and the enhance-
ment factor for these states .

5. Conclasioa4

Thelack ofwave functions for the s4Fe and sZFe nuclei calculated in a full fp shell
model space does not allow a detailed comparison between theory and experiment.
However, the f~ shell calculations presented do describe .reasoaably well the strongest
positive parity states, especially for the states with low spin . The 2p-2h admixtures
to the f~ wave functions calculated in perturbation theory explain successfully the
strong enhancement of L = 0 transitions as well as the smaller enhancement of the
L = 2 and 4 transitions. Zero-range DWBA calculations do not reproduce in a
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satisfactory way the transitions with higher L-values and cannot account for the
variety of angular distribution shapes .

One of the authors (P.D.) would like to express his appreciation for hospitality of
the Cyclotron Laboratory staff during his stay at Michigan State University.
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