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~ Us'ng free parameters without the Fermi averaging
yields curves similar to those in Fig. 1 and 2 but with
a SBghQy poox'er Qt to the data Rt RQ energies, .

Variation of 50 did not significantly improve agree-
ment with the data.
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The (d, n) reactions on the nuclei Mc, Mc, Mc, and Er leading tc the isobaric
analog states in the residual nuclei have been studied The o. bserved (d, n)-reaction
cxoss sections show strong deviations froIQ the distorted-wave Born-Rpproxilnatlon
calculations based upon the known neutron spectroscopic factors of the corresponding
Parent analog stRte8.

In this communication we present evidence
that the (d, n) reactions on several target nuclei
in the N= 50 xegion leading to the isobaric analog
states of the target-plus-neutron system display
anomalous behavior. The anomalies consist of
large deviations of the observed {d,n)-reaction
cross sections from the values predicted by dis-
tol'ted wave Born approxUnation (DWBA) calcu-
lations. We find that the (d, n) cross sections
for the reaction leading to dsI~ and @3~~ isobaric
analog states are strongly enhanced, whexeas
those leading to S,z~ isobaric analog states tend
to be smaller than the DVfBA values. For almost
aB of the nuclei studied, the isobaric analog of
the gxound state of the target-plus-neutron sys-
tem is populated far more strongly than any other
isobaric state. Recently, McGrath et al. ' have
reported the measurement of (sHe, d) cross sec-
tions on "~~Zr and 92~'9s'"Mo targets to un-
bound isobaric analog states. All expected tran-

sitions are observed in their work except those
to 3s„analog states which are inhibited. Pre-
liminary attempts to understand this anomaly in
terms of the distorted-wave Born approximation
have been reported to be unsuccessful.

The data in the present work were obtained
during a systematic study of the (d, n) reaction as
a tool for obtaining information on the single-
proton character of states in the N= 50 region. ~

The experiments were performed using the Oak
Ridge National Laboratory tandem Van de Graaff
accelerator in conjunction with the pulsed and
bunched-ion source. The experimental equipment
and procedures have been descxibed elsewhere. ~

The deuteron-beam energy was I.2 MeV, and the
neutron flight path from the target to the detector
was 12 m. Rolled foils of '2Mo (910 tLg/cma),
~Mo {1mg/cm'), "Mo (960 tLg/cm'), and 96Zr

(450 tLg/cm ) were used as targets. Figure 1
shows four (d, n) neutron time-of-flight spectra



Vox.UMz 2$, &UMsza 2& 25 NovzMazR 1970

2400—

800—

(h

800-

2
NEUTRON TIME OF FLIGHT SPECTRA d5]r IAS

eLAB 25 E I20 MeV

FLIGHT PATH l2,02 M.

Mo(d, n) Tc
gy~ IAS2. Sij IAS

I,"~ ~V~&"-" &~A;;

d(5& )IAS

/2 IAS
S)g2

15~ IAS j2 I f&

S)1 IAS'„) pI~~~
Mo (d, n) Tc

Ak

O

Ol

Mo (d, n) Tc
d5~ IAS

dp~ IAS
S~& IAS

2 ~e W~e~p~%~

800

400

Zr(d, n) Nb

S)g IAS

4~
NEUTRON ENERGY (MeV)

5 6
i l l l l l I l I I l l

l20 I80 240 500
CHANNEL NUMBER

FIG. 1. Neutron time-of-Qight spectra obtained by
bombarding Mo~ Mo~ Mo~ and Z r targets with
12.0-MeV deuterons. For simplicity, parts of the
spectra shorving neutron groups corresponding to the
population of los -lying states of the residual nuclei
have been deleted.

obtained from the respective targets "Mo, ~NO,
~'Mo, and "Zr at a laboratory angle of 25'.
For simplicity, parts of the neutron spectra
showing neutron groups corresponding to the pop-
ulation of the low-lying states in "Tc, "Tc,
O'Tc, and "Nb have been deleted. The neutron
group on the extreme right in each spectrum is
from the reaction ' C(d, n, s)' N, resulting from
carbon contamination in the targets. The neutron
groups corresponding to d„m transitions to states
in 'STc, 9'Tc, and "Tc, which are analogs of the
ground states of the target plus neutron, are in-
dicated on the spectra. Neutron groups leading
to the d„~isobaric analog states in "Tc and to
the l = 2 excited state with tentative spin —', in "Tc

are also seen. The arrows show the expected
positions of neutron groups corresponding to the
population of those Iow-Iying analog states whose
parent states have large spectroscopic factors.
Neutrons leading to the s»2 analog state in "Tc
Rx6 obsex ved weakly. IdentiflcRtloD of the above
states has been made on the basis of their ex-
pected flight times, and all of the above states
hRve been ldentlf led Rt two ox' more RQgles of ob-
sex'vRtlon. No other tx'RnsitloDS leRdiDg to RQRlog
states can be identified iL the spectra. It should
be understood when examining Fig. 1 that the
neutron-detection efficiency decreases with de-
creasing neutron energy. Between 5 and 3.5 MeV,
the neutron-detection efficiency decreases by
nearly a factor of 2. The neutron bias energy
was 2.7 MeV.

In "Tc, the low-lying g», and s„,analog states
are not expected to be resolved; the peaks due
to both these states occur very close to a con-
taminant line in the spectra, but both clearly
have very small cross sections. In the case of
96Zr(d, n)"Nb~, the (d, n) reaction to the s„,
StRte 18 so weRk thRt lt 18 Qot obsex'ved even
though in this case it is the Rna1og of the target-
plus-neutron ground State. Additional data taken
have been at laboratory angles of 15.5', 20', and
angles greater than 25'. At all the angles the
data are consistent with the results shown at 25'.
In summary, (a) the d», ground-state analogs
are populated much more strongly than the ana-
log of any of the excited states of the present
analog nuclei, and (b) the s,&2 and g»~ analog
states are populated very weakly. We have also
observed this behavior in the reaction "Zr(d, n).

The results are presented in Table I. The first
column gives the center-of-mass energy of the
proton emitted in the decay of the analog state;
that is, the center-of-mass energy of the analog
resonance observed in proton elastic scattering.
The next three columns list the binding energies,
spins, and neutron spectroscopic factors S„of
the parent analog states."' Most of the neutron
spectroscopic factors have been taken as indi-
cated in the table from the (d, P) work of Moor-
head and Moyer. In the fifth column is tabulated
2TO+ 1 times the proton spectroscopic factors
of the col x'espondlng lsobRx'1c RQRIog states~ 8&&

deduced in the present work. Columns 6 and 7
give the observed center-of-mass differential
cross sections for the neutron groups leading to
the respective analog states at laboratory angles
of 15.5' and 25'. Where a particular state could
not be identified in the spectra, an approximate
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Table I. A comparison of measured (d,n) -reaction cross sections leading to isobaric analog

states with D%l3A calculations. The calculations were performed assuming the form factor of the
transferred proton to be the same as that of the neutron in the parent analog state. The anomalies
consist in the large measured (d,n) cross sections for the d&/& and d3/& states shown in columns 6

and 7 as compared with the D%l3A calculations given in columns 8 and 9.

J S
n

(3) (4)

Target C.M. Energy Parent Analog State
Nucleus of

Decay Proton B {MeV)n
(1) (2)

(2T +1)S (—) )lb/sr
da

p dA
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n

(6)

From the {d,n)
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e -25

n
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I' (keV}tot
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(1o)
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94
No

4.32(c)
5.25 (c)
5.68{a)
5.83(c)

4.91(c)
5.67(a)
S.68(c)
5.74(c)

8.06

7.13

6.70

6.55

5/2 (a} 0.84 {a) 2.88

1/2 (a) 0.64(a) .28

7/2 {a) 0.26(a) 1.62

3/2 (a) 0.50(a)

7.38 5/2 (a) 0.59(a} 4.1
6.62 7/2 (a) 0.18(a)
6.61 1/2 (a) 0.37(a)
6.55 (5/2 )(a) 0.17(a)
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96~ 6.07(d} 5.58 1/2 (d) 0.98(b) — 40 ' 6o 200 40 90 (d)

aRef. 4.
"Ref. 6.

'Ref. 7.
Ref. 9.

Bef. 5.

upper limit to the cross section is given. Col-
umns 8 and 9 give the corresponding theoretical
DNBA cross sections. The theoretical cross
sections have already been divided by the factor
2Tp+ 1, and then multiplied by the neutron spec-
troscopic factor given in column 4. The last
column gives the total widths in keV of the iso-
baric analog resonances, obtained from proton
elastic-scattering data,

Ideally, one expects the neutron spectroscopic
factor of a state to be related to the proton spec-
troscopic factor of its isobaric analog state by
the equation

S~ =(2T, +1) 'S„.
Comparison of the corresponding entries in col-
umns 4 and 5 shows the anomalous behavior of
the proton spectroscopic factors mentioned above.
Following the above reIations one would again
expect the entries in columns 8 and 9 to agree
with the corresponding ones in 6 and 7.

The DNBA calculations were performed as-
suming the form factor of the transferred proton
to be the same as that of the neutron in the cor-
responding parent analog state. The neutron and
deuteron optical-model parameters chosen gave
good DWBA fits to the (d, n) data for the low-lying

states in ' 7c. The deuteron optical-model pa-
rameters in the usual notation are Vo=8,8 MeV,
8"„=14.0 MeV, V„=6.0 MeV, ~o„=1.25 F,
or 41 F, rso 1.20 F, x, = 1.30 F, a„= 0.727

F, ar =0.694 F, and a, p 0 687 F. The neutron
optical-model parameters used were Vo = 46
MeV, 8', =9.3 MeV, V, o=6.5 MeV, ~o„=1.26
F ipr 1 23 F g p 1 20 F g 1 2 1 F a
=0.66 F, a, =0.48 F, an~. a„=0.50 F. The fits
obtained for the isobaric analog states are shown
in Fig, 2. As a check on the DWBA calculations
we analyzed the (d, n)-reaction cross sections to
the low-lying states in 9'Tc and obtained proton
spectroscopic factors. Our spectroscopic factors
are somewhat smaller than those reported by
Picard and Bassani' using the ('He, d) reaction;
however, these authors employed arbitrary
normalization to satisfy the sum rule. Thus the
DVYBA calculations employing the above param-
eter s tend, if anything, to underestimate the
spectroscopic factors slightly.

We conclude that there is evidence that the
yield of these (d, n) reactions leading to isobaric
analog states depends strongly on the l value of
the transferred proton, and possibly on the en-
ergy of the final state populated. The analog
states subsequently decay either through the
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FIG. 2. Angular distributions and DWBA calculations
for five strong (d, n) reactions leading to the isobaric
analog states in the residual nuclei.

emission of a. proton or of a neutron. These pro-
ton-unstable final states have also been studied
by bombarding the corresponding target nuclei
with protons of appropxiate eneI'gy. ' 9 The total
widths of the analog resonances observed range
between a few keV for the d, » gI'ound-state ana-
logs of "Mo and "Zr to 90 keV for the s», ground-
state analog of "Zr. The lifetime 7 of a state
with a width I' of 100 keV is RppI oximately 6
X10 "sec; a neutron emitted in the (d, n) re-
action with an energy of 4 MeV would travel
1.75x10 " cm, R distance of more than 15 nu-
"lear diameters, during this time. Thus one is
tempted to believe that it would be a good approx-
imation to treat the isobaric analog state Rs a
bound state obtained by applying the isospin-low-
ering operator 1'~" ~ upon the parent analog state.

The DWBA calculations displayed in Fig. 2 and
the spectroscopic factors $~ given in the fifth
column of Table I are based upon this approxi-
mation. The calculations fail to predict the anom-
alous behavior displayed by the observed cross
sections. We believe that the naive picture of the
reaction process, which is based upon the ap-
proximation that the final state of the (d, n) re-
Rctlon 18 obtMned by Rpply1Qg the lsosplQ-lower-
ing operator T to the parent analog state, is
inadequate.

The present work corroborates the ('Hd, d)
measurements of Mcoxath et al. ' to the extent
that the (d, n)-reaction cross sections for populat-
ing the analog states also show strong deviations
from the px'edlet1ons of R 0%HA CRleulRtlon which
treats the analog resonances as bound states. The
('He, d) data indicate a. strong inhibition of 3s»,
analog states. In the (d, n) work the 3s», analog
states a.re also somewhat inhibited, but the most
pronounced effect is the strong enhancement of
2d, » and 2d, &, analog states. At present it is not
clear to us whether both anomalies have a com-
mon origin in the fact that the reactions studied
lead to unbound final states. It i.s, however, con-
ceivable that the proton form factor of the analog
resonance deviates appreciably from the neutron
form factor of the parent analog state and that
this deviation affects the two reactions different-
ly. We are currently investigating the possibility
of explaining the obsexved anomalies using the
proton form factors of the analog resonances pop-
ulated.
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Two-neutron transfer reactions in strongly deformed nuclei are discussed in the
framework of the coupled-channel Born approximation. In particular, the reaction
'6Yb(p, t)i'4Yb is analyzed.

The amplitude of the coupled-channel Born approximation (CGBA) for a transfer reaction A(a, b)B
with a =b+x, may schematically be written as'

7 =&+,(-&(s„.x, „r,) ~ V(x, x,) ~~.()(x„...r.)&,

where the wave functions 4~'& are solutigns of appropriate coupled-channel equations' that describe
the inelastic scattering on an essentially equal footing with the elastic scattering. Thus (1) is a natu-
ral extension of the distorted-wave Born-approximation (DWBA) amplitude in which the 4' ' describe
only elastic scattering.

Equation (1) has been applied exactly only in very few cases so far. ' Ascuitto and Glendenning~ de-
veloped the so-called "source term" method which uses a different approach from the usual CCBA
but is believed to yield an amplitude that agrees with (1). They performed calculations for (P, t) pro-
cesses between moderately collective nuclei (Ni) and found that CCBA predicts, for example, twice
as large a cross section to the collective 2' state as the normal DWBA calculation does. In the pre-
sent article we apply (1) to a (P, t) process between two strongly deformed nuclei, and compare the re-
sults with those of corresponding DWBA calculations. e

In CCBA, the functions 0 (' in (1) may very explicitly be written as

e .u „..„„=g,"(l, '/l, ))(, .. .„.g „„„~(r,)(l,m„s,m, tj,m, ,)(j,m, .„IM„„~JM)
a a

x(l, 'm„'s,m, '~j,'m, ,')(j, 'm, .'l„„'M„„'
~
JM) I", *(ak )

.. (&;.)4~„„u„,(x~)m.. .(x.),
(-)"I-„( )I„sE„s'+ my'-my+ Mn-s @, , (+)

my Mn&'™~™nB my - Nn~; mg,
- M~g ~

(2a)

(2b)

Since we use a notation very similar to that used in Ref. 2 and by Satchler, the meaning of (2) is
clear. We just note that the function )(. .. &„„,, „„~(r,) describes the radial part of the relative mo-
tion between A and a with angular momenta (l, ', j, '), in the channel in which A lies in its n„'th state,
when the only incoming wave present is the one having angular momenta (l„j,) in the channel in which
A lies in its n„th state. The superscript 4 is the total angular momentum of this set of coupled partial
waves, while P(x~) and q(x,) are internal wave functions of A and a, respectively.

Inserting (2) into (1) and performing algebra which extends that of Ref. 7, the amplitude (1) under


