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Many new energy levels are located in the odd-4 palladium isotopes and the spin and parity values
assigned. The parameters of the pairing theory, such as the single quasiparticle energies, the occupation
numbers, the strength of the pairing interaction, etc., are evaluated. By means of them, the single-particle
energies are obtained and compared with other nuclei of the same neutron shell. While the orbits 2ds/s,
3512, and 2dg2 do not change their relative locations significantly, the 1g7/s orbit shows drastic changes. In
the palladium isotopes the 1g42 orbit is found to be below the 2ds ., orbit, while in zirconium it is as high as
the 2d3/2 orbit, and in tin somewhat above the 2ds 2 orbit. This indicates that the interaction between the
1g7/2 neutrons and the 1gg/2 protons, which causes the shift of the 1g7/2 orbit, is most effective in palladium
isotopes, i.e., where the 1ggs proton orbit is about half-full. The strength of the pairing interaction is eval-

uated to be G4 =29.240.9 MeV.

INTRODUCTION

T has been shown by Cohen' and Talmi? that the
single-particle energies do not always show a regular
dependence on the mass number. The drastic shifts
observed for some orbits have been explained as due to
the interaction between protons and neutrons, which is
especially strong between neutrons and protons of the
same J. While the strong, short-range interaction
between identical nucleons within the same orbit is
very successfully accounted for by the pairing theory,
there is no theory yet for the strong and short-range
interaction between neutrons and protons. As one
effect of this interaction is just the shifts of the single-
particle energies, it is of high interest to locate the
single-particle energies in as many nuclei as possible,
not only at the beginnings and ends of the closed shells,
but also far from closed shells.

It has been shown by Sorensen® and by Yoshidat
that the pairing theory is well applicable also in
vibrational nuclei, like palladium, although in these
nuclei many levels of the same single-particle j value
appear because of the coupling of this single-particle
state with the phonon state of the even-even core.
Thus, the present work contributes, in addition to the
previous work on zirconium,® tin,® barium and cerium,”
to our understanding of the nuclei with neutrons in the
50-82 shell, consisting of 2dgs/e, 2dss, 3s12, 1g79, and
1]211/2 orbits.

EXPERIMENT AND RESULTS

The isotopes Pd'% Pd!%, and Pd'*® were bombarded
with 15-MeV deuterons from the Pittsburgh cyclotron.
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The targets were about 3 mg/cm? thick and about 909,
pure in the isotope being investigated. The reaction
products were analyzed by the magnetic spectrometer
and detected with photographic plates. Some typical
spectra of protons and tritons are shown by Figs. 1
and 2. The resolution is ~30 keV for protons and ~50
keV for tritons; the center of each peak is, however,
located with an accuracy of ~8 keV.

As a subsidiary result, the ground-state reaction Q
values (Table I) have been obtained. The absolute
Q(d,p) values are accurate within 0.1 MeV, while the
differences are accurate within 0.02 MeV, since they
have been obtained from the relative positions of the
ground-state peaks in the proton spectrum of a natural
palladium target. For Q(d,f) both absolute values and
differences are accurate within 0.1 MeV. The un-
certainties in the best previous data8® are about 0.4 MeV.

The proton spectra were recorded at angles of 10°,
20°, and 33°. Calculations of the angular distributions,
performed in distorted-wave Born (DWB) approxi-
mation (Fig. 3), show that it is very easy to distinguish
between the transferred angular momentum values
1=0, =2, and =4 or I= 35, by possessing just the cross-
section values at 10°, 20°, and 33°. It is, however, not
possible to distinguish between /=4 and /=35 values.
Moreover, the cross sections are in these both cases
rather low and the corresponding peaks are expected
to be often screened by the /=0 and /=2 peaks.

TasLE I. Q values for (d,p) and (d,f) reactions in Pd isotopes.

Q(d,p)-MeV Q(d,t)-MeV
Target This work Previous® This work Previous®
104 4.580 4.56 —3.53 —3.58
105 7.350 7.35 —0.53
106 4.291 4.14 —3.32 —3.32
108 3.903 3.87 —2.97 —291
a Ref. 8.

8V. J. Ashby and M. C. Catron, Tables of Nuclear Reaction Q
Values, University of California Radiation Laboratory Report
5419, 1959 (unpublished),
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To decide whether an =2 neutron has been put
into the 2dss or the 2ds2 orbit the cross sections for
(d,p) and (d,t) reactions, leading to the same final
state, have been compared. Since the 2ds» orbit is
lower and therefore more full than the 2ds orbit, the
ratio between (d,p) and (d,f) cross sections is much
smaller for a 2ds» neutron than for a 2ds» neutron.
The distinction between 2ds2 and 2ds 2 orbits is quite
clear whenever both (d,p) and (d,) cross sections have
been measured, as is the case with Pd'®® and Pd'?". In
the case of Pdl®, where the only available data are
from the Pd!%8(d,p)Pd®® reaction, the orbits 2ds2 and
2ds2 have been assigned according to the cross-section
sums, and by analogy with Pd!% and Pd'" levels.
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Fic. 1. Energy distributions of protons from (d,p) reactions.
Numbers above peaks are excitation energies of the final nucleus
in MeV; the ! values assigned to these peaks are in parenthesis.
The angle of observation is 33°.

With the /; value of the transferred neutron, the spin
and the parity of the final state, are also determined.
Since the target nuclei have J=0%, the spin of the final
state is equal to the j value of the transferred neutron.
Whether the ! value is odd or even determines the
parity. Thus, quite complete information about nuclear
levels in the odd-4 Pd isotopes has been obtained up
to about 2-MeV excitation energy. The results are
presented in Table II and in Fig. 4.

For Pd'® the only available data are from
Pdi(d,f)Pd® reaction. No DWB calculations have
been carried out for tritons, yet the angular distri-
butions are known from previous® measurements on
tin isotopes. Although the angular distributions are
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Fic. 2. Energy distributions of tritons from (d,f) reactions.
Numbers above peaks are excitation energies of the final nucleus
in MeV; the I values assigned are in parentheses. The angle of
observation is 47°.

not as distinct as in the case of protons, the / values
of picked-up neutrons can be rather safely determined
by comparing the cross sections measured at 22°, 35°,
47°, and 59° with given® angular distributions, and
comparing cross-section values with those of the other
Pd isotopes. The ground state of Pd'® is found to be a
ds)2 state. This contradicts the ground-state spin value
I+ which has been proposed? from the f¢ value for
B decay. The possibility that the ground-state peak
includes both a ds)s level and a g2 level is not excluded
by the present experiment, although it does not seem
probable. On the other hand, the evidence for Z* spin
value is quite inconclusive. It has previously only been
inferred from the Pd'® ground-state 8 decay to the

Rh!% Jevel with J=2*. The log ft value is 5.8, suggesting

9 Nuclear Data Sheets, compiled by K. Way et al. (Printing and
Publishing Office, National Academy of Sciences-National
Research Council, Washington 25, D. C., 1960).

100

737

F 0.3 0
r X0¥2+a) 2,
L Pd"°%d,1) Pd'® )
L 9=47°
L,
T3
~ @
-5
gIO: 2
@x .
w L .
a.
n I .o o
x
X L - .o
= .
o«
£ L . ~o see
= SVIEVENERTSN " GHE S
DISTANCE ALONG PLATE (cm)
(b)
‘loof-
r Pd*%(d,1)Pd""
i §=a7°

O

B
v |3
E | g
Qo2

-]
[+ S
w
a
[7) .
x
o L
a
[+
- L

PR SR S TR S DU TN NS T SO

35 a0

DISTANCE ALONG PLATE {cm)

Fic. 3. Angular dis-
tributions for protons
from (d,p) reactions
with different angular
momentum transfer (/).
The curves represent the
single-particle cross sec-
tions obtained by DWB
calculations, and the
points show experi-
mental measurements.
The scale (mb/sr) refers
to the single-particle
cross sections in the case
of Q=4 MeV.
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TaBLE II. Energy levels with spin values for Pd isotopes, obtained from (d,p) and (d,f) reactions leading to the given
isotope as final nucleus, together with (d,p) and (d,f) cross sections leading to the given energy level.

Energy level do/dQ Energy level do/dQ
(MeV) (mb/sr)® (MeV) (mb/sr)®
NDS» @p) @» b Jr @) (@9 NDS»= (dp) @) I Jr (d,p) @0
Pdes P7
g.s. (71/2%) g.s. 2 5/2+ 0.80 {0.362 0.23
0.15) 0151 2 (5/2)t 0.04 | 0.390 0.386 10401 2 3/2% 250 0.23
(0.26) 0252 4 7/2% 0.13 0463 0458 2 3/2+ 090 0.12
0297 0 1/2+ 0.07 0.574 0570 2 5/2* 054 0.25
0510 0 1/2+ 0.32 | 0.65 oo 0665 (4 (7/2) 0.27
0627 5 11/2- 0.09 0.703 0.706 0 1/2¥ 074 0.09
0.721 2 3/2* 0.39 0.770 2 3/2%1 0.36
0.907 0.04 0.815f 0.796 --- 0.10
0.880° 0.891 0 1/2+° 019" 0.06
Pduws 0.991 (0.981) 5 11/2-  0.14 0.02
gs. 5/2* s gs 2 s/t 160 141 1.039 1.020 2 3/2t 017 005
&30’ (3/2%) S B Uk 008 .- 1.086 1.078 2 5/2+ 010 0.10
0300 (7/2") i T 0 s 1200 2 529 o7k 008
0.319 (7/2%5/2%) 0321 2 5/2t 034 024 14 120 2 11?2— oae 008
0.344 (1/24) 0.340 0 1/2+ 324 053 S 50w o 003
0.444 e 044 0.04 1411 1402 2 3/2* 013 001
0.489 (11/27) 0.486 048 5 11/2= 037 0.10 an ol 3¢ 013 e
0.561 0565 .- 2 320 030 - 1521 1510 0 1/2* 026 0.08
0.651 (3/2,1/2)  0.651 0.652 2 3/2¢ 227 033 1363 1580 2 32+ 022 003
e 0692 4 e e 009 1621 1632 2 3/2+ 042 003
0.723 0724 0721 2 5/2+ 017 0.15 1701 1egs o 12+ 019 005
0.785 0.787 04785 0 12+ 0.08 0.05 1754 1753 e : 014 003
0939 0 1/2+ 025 0.13 1708 x x 017
0970 {0979 2 3/2¢ 1.02 0.14 : ¥ ¥ ‘
1.0(7); 1.082 0 1;2: 0.1? 0.04 PJieo
1.103 1.1 2 3/2¢ 017 0.03 + +
1141 1155 0 172+ 007 004 | &5 5/2 & z f%+ 30
1201 1242 2 3/2t 006 0.03 | g 0,188 5 12~ 023
1263 1288 0 12+ 009 002 | - 0297 > 32+ 221
2 /20 037 0.431 @ (/2 017
1402 1417 {0 1/2+ 044} 0.04 : P
S 1 ol 0.497 2 (5/2)* 047
1522 5 32+ 015 0.527 4,5 (@11/27) 0.15
1603 5 3 019 0.615 45 (11/2) 018
163 % 014 0.642 0 12+ 0.61
1703 z 015 0.807 2 @B/2)+ 034
1973 5 o3 0.848 2 (3/2)* 037
1867 5 326 013 0.901 0 172+ 010
1625 G U 027 0.961 2 (B/2)* 039
1960 5 ok o6t 1.065 2 (3/2)t 0.15
2062 5 32+ 015 1.126 0 12+ 0.09
5100 2 o011 1.166 2 @B/t 028
5613 . 018 1.226 0 1/2%  0.09
: ¥ : 1.332 425 ( 3§2+ 0.81
1.49 ! 11/27)  0.16
Pd® 1.556 45 (11/27) 013
g.s. (5/2)F gs.  gs. 2 5/2+  1.50 0.99 1.651 2 @B/2)%t 019
0115 0115 0 1/2+ 334 0.53 1710 0 1/2+ 029
0.216 (11/2°) 0.209 0208 5 11/2= 044 0.09 1777 ° ) 0.10
0.306 0306 0.311 4 7/2+ 0.0 0.20 1.823 4,5 (11/27) 0.0

a Ref. 9.

b For (d,p) reactions, the listed cross sections are averages over 10°, 20°,
and 33° for I values 0 and 2, and they are averages over 20° and 33° degrees
for I values 4 and 5. For (d,t) reactions, the given cross sections are at 47°.

l-allowed transition (Al=0). Nevertheless, the tran-
sition Rh105, %+i> P15 5+ which is an l-forbidden
transition (Al=2), also has a log f¢ value equal to 5.7.
The angular distributions for levels at 0.252 and 0.625
MeV suggest /=4 or [=35. The first level is assigned to
be 1g7/2, and the second level to be 1/4y/2, according to
their cross-section values, which are expected to be
larger for 1g72 neutrons than for 1412 neutrons.

As is seen from Fig. 4, one level—usually the lowest

¢ Notation x means: Identification of I value was not possible. In all these
cases the cross section is decreasing with angle of observation.

one—is more strongly excited in both (d,p) and (d,f)
reactions than any other with the same j. This level
we shall call the simple single quasiparticle level. The
energies of these simple single quasiparticle levels are
represented in Fig. 5. It is remarkable that the 3syp,
2d3s, and 1kyy2 levels are decreasing with increasing
number of neutrons, while the 1g7/2 level is increasing.

The sums of cross sections involving transitions to all
levels with the same /; are presented in Table III,
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together with cross sections involving transitions to the
simple single quasiparticle level. It is seen that the other
levels contribute appreciably in all cases except
Pd(d,:)Pd!®. Here essentially only the simple single
quasiparticle levels are excited. This indicates that
Pd'® may be regarded as composed of a neutron and a

|
EXCITATION ENERGY (MeV)
(d)

rather inert core of Pd!® For 4Pdse??, which has six
neutrons in the 50-82 shell, the most inert configuration
for neutrons is (2ds2). This configuration has been
established very clearly® for sZrs*®. As we shall see
later, the present measurements show that the 1gza
orbit is located below the 2dge. orbit in all directly
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Tasie III. Cross sections (mb/sr) for (d,p) and (d,) reactions leading to the simple single quasiparticle level,
and to all levels of the same single-particle orbit.

do 2(d,p)/d2 2, do(d,p)/dS do 2(d 1) /dS 2, do7(d,0) /d2
Target mass 104 106 108 104 106 108 104 106 108 104 106 108
252 1.60 159 1.34 211 223 181 080 111 095 084 150 1.35
3512 324 334 270 460 472  3.88 032 053 0.53 039 084 081
2/ 227 250 221 555 557 474 039 033 023 039 053 0.5
1g72 S 010 017 L. >010 0.7 013 020 020 013 039 (0.56)
Vs 037 044 023 048 094 095 009 010 0.9 009 010 0.11

measured palladium isotopes, Pd!%, Pd!%¢ and Pds.
One possible explanation is that at the beginning of
the shell the 2ds. orbit is the lowest one and well
separated from the other orbits. When the shell,
however, contains about 8 or more neutrons, the 1g7/2
orbit approaches to the 2ds» orbit, and in Pd isotopes
it comes even below the 2ds/2 orbit.

INTERPRETATION OF EXPERIMENTAL RESULTS
IN TERMS OF THE PAIRING THEORY

1. Pairing Theory

The pairing theory developed by Belyaev® and
Kisslinger and Sorensen™ takes into account the strong,
attractive, short-range two-body interaction which acts
between identical nucleons coupled to spin 0. By virtue
of this interaction all even-even nuclei have in their
ground states J=0, and in addition many of them have
an energy gap of ~2 MeV between the ground state
and the first excited state. The pairing interaction
causes strong configuration mixing among the low-
lying shell-model wave functions. Consequently, the
nucleons do not occupy only the lowest possible single
particle energy orbits as they would in the absence of
any residual interaction, but all orbits of the shell,

08r
.
v g
hu, ‘__3’2__‘
08" | !
3 \ ‘:
\ \
= Sy % i
> ‘.“'_ﬂ’ﬂ_.t,
[G] b i )
] ! it — % Fic. 5. Simple
504 4 1L dy single quasiparticle
- Vos, ¥ energy levels in Pd
W O A isotopes.
f__> | ;_‘?712_{‘7 \_ ds,
2 | 9% / i
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& o2 N T
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©S. T. Belyaev, Kgl. Danske Videnskab. Selskab, Mat. Fys.
Medd. 31, No. 11 (1959).

171, S. Kisslinger and R. A. Sorensen, Kgl. Danske Videnskab.
Selskab, Mat. Fys. Medd. 32, No. 9 (1960).

which is filling, are partially occupied. The occupation
number V2 gives the probability that orbit 7 is oc-
cupied, and the complementary U;? gives the proba-
bility that orbit j is empty. Thus, the number of
neutrons (we want to consider neutron shells) in the
7 orbit is

ny=(2j+1)V72 ¢y

(2)

The ground state of an even-even nucleus is repre-
sented by the so-called vacuum, which isanalogous toa
closed shell. Instead of unperturbed single-particle
energies, ¢;, the single quasiparticle energies, Ej, are
introduced, and in such a way that the energy of an
excited state is equal to the sum of all single quasi-
particle energies. They are related to unperturbed
single-particle energies by

Ej=[(e—N\)+A2]", 3)

where N is the surface of the Fermi sea, or the so-called
chemical potential, and A is approximately the energy
of the lowest single quasiparticle level, measured from
the vacuum. (See Fig. 6.)

Actually, the pairing theory introduces just one new
parameter, the strength of the pairing interaction, G.
All other parameter are expressible in terms of ¢;, G,
and the number of neutrons in the unfilled shell, #.
Thus, parameters A and A are obtainable from the two
fundamental equations:

and

Vi+UP=1.

6o 2t »
2 T [(g—Nptar]e
&§—A
124D 1—————— |=1, 5
@i+ [(ej—x)2—|-A2]1/2:| N0

where the summation refers to the vacuum.

The occupation numbers V2 and U2 of the vacuum
state are given by

1 &§—A\
P e S,
2L Clg—artarpe
1 &§—A
U,2=—[1+ ]
2L Llmnrarge
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From (3) and (6) we get a relation between E; and V 2:
A A
2vU; V-V

™

E;

Considering relation (3) we get for the lowest single
quasiparticle energy, which is the energy of the ground
state of the next odd-even nucleus,

Ey= (Ej)min=A4, (8)
and from (7) there than follows the occupation number
V=3 )

Thus, the same orbit, which gives the ground state of
the odd-even nucleus, is about half-full in the preceding
even-even nucleus. The occupation of orbits decreases
with increasing ¢; or in other words, a higher orbit is
always less occupied than a lower one. Adding neutrons
into a shell, the single-particle energies ¢; move down
with respect to the surface of the Fermi sea. The
consequence is that the single quasiparticle energies
E; corresponding to orbits below the Fermi surface
move up, and that E; corresponding to orbits above the
Fermi surface move down (see Fig. 6). Thus, Fig. 5
shows that in the Pd isotopes, the 1g7 orbit lies below
the Fermi surface, while all the other orbits (except
2ds;s in some isotopes) lie above the Fermi surface.

Actually, the only known parameter is %, the number
of neutrons outside the closed shells, while the single-
particle energies, ¢, and the strength of the pairing
force G, have to be determined by experiment.

2. Parameters of the Pairing Theory Obtained
from (d,p) and (d,t) Reactions

The (d,p) and (d,f) reactions are excellent tools to
study the neutron single-particle levels, because in the
first approximation the interaction involved is just the
interaction between the transferred neutron and the
nuclear potential well. In the case where the target is a
closed shell nucleus the replacement of the nucleus by

- - —
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TaBLE IV, Single-particle cross sections (mb/sr).

€;€5/2
Orbit  (MeV)  [do1(d,p)/d@Tep.® [dor(d,f)/dQup
2ds/2 0 0.66 0.70 0.73 0.35 0.39 0.47
3s1/2 1.37 1.890 191 198 3.68 3.22 3.81
2d3/2 2.67 1.21 129 141 1.03 115 1.36
1g7/2 0 0.07 0.08 0.09 0.09 0.10 0.12
1%11/9 3.46 0.07 0.07 0.08 0.18 0.20 0.24
Target mass 104 106 108 104 106 108

a The values are averages over 10°, 20°, and 33° for [ values 0 and 2,
and they are averages over 20° and 33° for  values 4 and 5. They have been
calculated by DWB approximation with the single-particle energy levels
as given in the second column.

b The values refer to 47° and have been obtained experimentally.

a potential well is especially justified. In this case, the
(d,p) reactions lead just to the single-particle levels
and the (d,f) reactions to the single-hole levels of that
potential well.

In the pairing theory, all even-even nuclei play the
roles of closed shell nuclei, and the single-quasiparticle
energies take the roles of the single-particle energies.
Thus, in the absence of any other residual interaction
but pairing, with (d,p) and (d,f) reactions on even-even
target nuclei just the single-quasiparticle states will be
excited. However, there also exists among all the
nucleons a long-range interaction (often approximated
by a quadrupole force). This interaction gives rise to
vibrational (phonon) states in the even-even nuclei and,
by coupling phonons with particles, splits a given single-
particle level into more levels. This is evident within
the Pd isotopes (see Fig. 4), which are, as is well known,
in a vibrational region. The simple single-quasiparticle
level involves no phonons, but the other, weakly excited
levels arise from one- and two-phonon interactions with
the single-quasiparticle state. Fortunately, there exist
sum rules, which enable us to determine the unper-
turbed single-quasiparticle energies, E;, and occupation
numbers, V2 in terms of the observed energy levels,
E;» and spectroscopic factors, S;".

The spectroscopic factor .S gives the overlap between
the initial and final wave functions and depends only
on the nuclear states involved. We shall consider only
the cases, where the initial state is the ground state of
an even-even nucleus with /=0, and we shall specify
the final state by the reaction symbol (d,p) or (d,t), by
the single-particle state 7, and by an additional parame-
ter n. The observed cross sections are related to spec-
troscopic factors as

do;(d,p)/d="[do1(d,p)/dQ]s ».(25+1)S;(d,p),

and

(10a)

doj*(d,1)/dQ=[d0:(d,1)/dQ]s ».S;*(d,8), ~ (10b)

where the first factor on the right-hand side represents
the single-particle cross section, which can be calculated
in different approximations. For (d,p) reactions it has
been obtained by DWB calculations. Results are
presented in Table IV together with the single-particle
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binding energies, to which the calculated cross sections
refer. For (d,f) reactions, the single-particle cross sec-
tions have been obtained experimentally by comparing
the measured (d,p) and (d,f) cross sections involving
transitions between the same two nuclear states. Thus,
the (d,f) single-particle cross section for I=2 was
obtained from Pd%%(d,p)Pd% g.s. and Pd"%(d,f)Pdws
g.s. transitions, and for /=0 it was obtained from
Cdis(d,p)CdM¢ g.s. and Cd*4(d,/)Cd™® g.s. transitions.
The (d,f) single-particle cross sections for /=4 and
I=35 were obtained by assuming that the cross section
is proportional to 2%
According to Yoshida*

2a(2j+1)S(d,p)= 2+ 1)U/

+ D (55,0 V 2 (11a)
and
2a SiMd)= 25+ 1)V
+ D (b, MUS  (11b)

where ¢;;7,0* is the amplitude of the two-quasiparticle
term contributing to the phonon state of order A and
energy fiw, All quantities on the right-hand side refer
to the even-even (target) nucleus. The vibrational term
[containing ¥_; (¢;;7,s*)%] is presumably small and may
be neglected except in the case of very small V2 or U2
Equations (11) without the vibrational term are
identical with sum rules given by Macfarlane and
French.??

By adding both Egs. (11) together and considering
(2) we get

227+ DS A, p)+ 20 S (d,0)
=2j+1+ D2 (biir.a")%  (12)

a relation, from which the vibrational term can be
obtained, in principle. Computing the left-hand side
of the equation by dividing the sums of the cross
sections (Table TIT) by the single-particle cross sections
(Table IV) we get a value which is only 5 to 209,
different from 2j+4+1. These computed values are
usually larger than 2j+1 and have been estimated for
2dss9, 2d3s, and 3sye orbits. The uncertainty of the
result is, however, larger than 209, because the error
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in the experimental cross section is about 10%, and in
the calculated single-particle cross sections probably
at least 209.

Neglecting the vibrational term in (11), the oc-
cupation numbers V2 have been determined for all
orbits, except 1g72, from the experimental values for
> wdo*(d,p)/dQ and Y, doj*(d,t)/dQ, and from single-
particle cross sections as given by Table IV. The
occupation number Vyz® cannot be obtained by the
same procedure, since most of the 1gys levels are not
observed. It has been determined by the condition

224DV i=n,

where # is the number of neutrons in the filling shell.
The numerical results are presented in Table V. To
check the pairing theory, occupation numbers obtained
from quasiparticle energies E; according to relation (7)
are also listed. The agreement with directly obtained
V 2 values is fairly good. The results, obtained by either
of the two methods, show that the 1g72 orbit is more
occupied than the 2ds/ orbit. This is additional evidence
that the 1gs2 orbit is below the 2ds, orbit.

The relations between the single-quasiparticle ener-
gies E; and the observed energies £;” are*

> By Q1S (d,p) = (2j+1)[EjUf

DN
_2(“.‘—) > (GILHI N )i U5V 5
2j+1) 7
22+1
+—~—z<E,-f+hwa><¢ﬁl.ak>w] (13a)
2j+1 7

and

S B (dyl) = (2j+1)[E/Vf

nFiNE
+2<—."“> > GLH] G\ )i, U5V
2j+1 i

22+1
+—z<E,~f'+hwa>(%ﬁ)wy], (13b)
2j+17

TasLE V. Number of neutrons in individual orbits, #;, and occupation numbers V ;2.

ni=Q2j+1)V;? Vi VAE)®

Target mass 104 106 108 104 106 108 104 106 108
2ds/2 2.54 3.17 3.30 0.424 0.529 0.550 ~0.5 ~A0.5 ~0.5
35172 0.12 0.19 0.19 0.060 0.095 0.095 0.12 0.16 0.18
2d3/2 0.31 0.40 0.44 0.077 0.100 0.110 0.09 0.12 0.13
1gua 4.67> 5.65Y 7.19v 0.584P 0.705P 0.899% >0.78  >0.79¢  >0.81°
1%1172 ~0.35 ~0.59 ~0.88 0.030 0.050 0.080 <0.13 <0.12 0.12

IX2; 8.00 10.00 12.00

a V;2 determined from E; values as obtained by Yoshida’'s method (Table VI) and with parameter Aj =1.53 MeV.
b Determined by the condition that the sum zj n; is equal to the total number of neutrons in the shell.

¢ Lower limit, determined from Ez7/20.

2 M. H. Macfarlane and J. B. French, Rev. Mod. Phys. 32, 567 (1960).
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TasLE VI. Single-quasiparticle energy levels, E;(MeV), measured from the ground state of the odd-even (final) nucleus,

as obtained by different methods.
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Method Yoshida® (d,p) barycenter (d,t) barycenter E;0
Final isotope 105 107 109 103 105 107 103 105 107 109
Target isotope 104 106 108 104 106 180 104 106 108

2ds/2 0.06 0.17 0.16 0.11 0.19 0.13 0.01 0.12 0.23 0 0 0 0
S1/2 0.81 0.55 0.43 0.63 0.38 0.39 0.47 0.60 0.48 0.511 0.340 0.115 0.115
ds/a 1.27 0.89 0.71 1.05 0.74 0.74 0.72 0.80 0.75 0.724 0.651 0.390 0.297
g2 tee vee cee cee (0.31) 043 0.25 0.50 0.61 0.252 0.306 0.311 0.431

1511/ >044 >0.85 0.92 0.70 0.77 0.86 0.63 ee 0.36 0.629 0.489 0.216 0.188

s Determined according to Eq. (15).

where all energies are measured from the vacuum state.
The last term on the right-hand side is negligible, while
the middle term is not necessarily small. Applying both
Egs. (13) to the same target nucleus and assuming
equality of the single-quasiparticle energies in the two
final nuclei (E;=E;'), although these differ in number
of neutrons by two, we obtain by adding the equations

2 B (254+1)S"(d,p)+2 0 Ef ™S (dy1)
=~ 27+ 1) Ei+ N1 (Ep+fwa) (bi57,a0) (14)

Neglecting the last term and inserting spectroscopic
factors from (10) we have

Ejnda-in (d;i’)/dﬂ
@j+DE~Yy ————————
! = [dor(d,0)/ 4o,
Ej' ”do‘j" (d,t)/dﬂ
w [do1(d,)/dQ .

We see that so calculated E; values depend on experi-
mental and single-particle cross sections for both (d,p)
and (d,t) reactions. In the previous work,>~7 the E;
values have been obtained as barycenters of levels,
excited in either (d,p) or (d,f) reactions. They are
defined as

(15)

Z n Ej"Sj" (d,ﬁ) _ Z n Ej"da'j” (d,?)/dﬂ
TaSidp)  Tudos(d,p)/de

and
2 EnSin(dt) 2. Ejrdoi(d,1)/dQ

SuSrd) X dos(d,0)/d2

The relation (16) follows from relations (13a) and
(11a), and the relation (17) follows from relations
(13b) and (11b), if both the quadratic and linear
vibrational terms in (13) and (11) are neglected.

While from the theoretical point of view, Eq. (15)
represents a better approximation for E; than Eq.
(16) or (17), the last two methods express E; in terms
of directly measured quantities only. Therefore, the
single-quasiparticle energies have been determined by
all three methods, and the numerical results are shown
in Table VI. For comparison also the simple single
quasiparticle energies E;® are included.

E;(dt)= . (17)

In principle, it is possible to calculate the term
2 (G H| §'N\,7)iir o> From Egs. (13) and (16) we get

Z; GLH| 7N Dbiir
1
(25412 U,

- (18)
2020+1)12 V;

=[E;—E;(d,p)]

The numerical results for 2ds/2 and 3sy/2 orbits are shown
in Table VII. They do not show a regular variation
with the number of neutrons and therefore do not seem
reliable. Probably, the single-particle cross sections are
not enough accurate, but also the E;(d,p) and E;(d,t)
do not vary in a regular manner with the number of
neutrons.

Possessing the values for V2 and E; the determination
of the remaining parameters of the pairing theory is
straightforward.

The single-particle energies, e;, with respect to the
€52 are determined from Eq. (3) or better from the
diagram shown in Fig. 6. (Notice that to each value for
E; there are two possibilities for ¢;.) For E;, the nu-
merical values obtained by (15) have been used.

The parameter A, or more correctly the energy of
the single-quasiparticle ground state, E, measured
from the vacuum, is obtained from differences in
separation energies, S.E., between the adjacent even
and odd isotopes:

2A(n)=2E,(n)=%{|S.E.(n)—S.E.(n—1)|
+|S.E.(n)—S.E.(n+1)]}.

The values for separation energies have been taken
from the Tables of Nuclear Reaction Q Values.®

The location of the Fermi surface with respect to
the ground-state single-particle energy, e, is obtained
from Egs. (6) and (3).

eg—A=E,(1—2V 2).

(19)

(20)

TasLE VIL. Values for ; (G| H| '\, )b jin o™

Isotope 104 106 108
3s1/2 0.44 0.33 0.08
2d3/2 1.36 0.81 —0.15
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TaBLE VIII. Parameters of the pairing theory for Zr, Pd, and Sn isotopes.
Reference a b °
Isotope Zr91,929 Zr94 Zr96,97e Pd104 PleG Pd108 Sn116 Sn118 Snl20 Sn122 Snlzd
2ds/2 030 062 096 042 053  0.55 079 080 087 0.8 093
35172 005 0.05 0.5 006 010 0.10 042 052 061 069 074
Vi? 2d3/2 e 0.05  0.05 0.08 010 0.1 025 033 055 059 0.68
1gase <0.03 <0.04 <0.06 0.58  0.71  0.90 078 086 0.8 (0.92) (0.95)
172 oo oo ax 003 005 0.08 027 033 035 047 0.55
2ds/2 0 0 .- 0 0 0 0 0 0 0 0
3s1/2 1.55 21 0 1.48 1.17 1.09 1.65 1.72 1.57 1.40 1.37
e;(MeV)d 2d32 270 33 1.37 2.06 1.65 1.59 245 212 1.87 1.85 1.94
1g7/2 270 33 1.64 <—-12 <-0.5 <-0.8 042 037 022
1h172 >5.1 - >4.0 >12 >16 1.85 275 232 212 2.05 1.94
Ego.~A (MeV) 086 085  0.92 1.28 1.50 147 1.13 1.36 1.37 1.32 1.34
€g.s.— N (MeV) 035 —0.19 —1.04 023 —0.09 -0.15 0.18 000 —0.14 —0.24 -—0.13
A (MeV) —0.35  0.19 1.04 —023 009 0.5 1.47 1.72 2.01 2.09 2.07
G4/A 19.9 193 20.6 16.8 17.2 18.1 184  20.6
G4 (MeV) 288 282 308 19.0 234 248 243 27.6

a Ref. 5; B, L. Cohen, Rev. Mod. Phys. (to be published).
b Present work.
© Ref. 6.

The strength of the pairing force, G, follows from
Eq. (4). Replacing E; in the denominator by expression
(7), we separate the dependence on A and get

G 1
A 23,24 0UV;

The numerical results for all these parameters are
presented in Table VIII. The data for zirconium® and
tin® isotopes are included, too. We see that within the
same isotopes the occupation numbers V> monotoni-
cally increase with the number of neutrons. Within
these nuclei of the same isotope the single-particle

(21)

3 huﬁ 1)5.1 MeV
[}
by
97/2,(13,2:“ ] 11/, “
iy 1
! AP R
| !
|| d /V ! Sy,
2 9w g —
VL () | PN
|
1 Sip /
_ﬂz_i\ S,,z / .
! Fic. 7. Single-
. ! particle energy levels
3 i as determined by
=14 ,—‘3_7/2_ stripping and pickup
“.;’9' I reactions in nuclei
ht { within 50-82 neu-
¢ ! tron shell.
7]
i
1
1 i
d5/2 ! ds,z ! d5,2 d."/g
]
215 +Pdss | s0oNge 56805
i |
]
|
1
]
]
1
_I_j (g7,) |

d Measured from 2ds/2 orbit.
e V ;2 values refer to the even isotope, €; to the odd isotope.

energies do not change significantly although they show
a slight tendency to come closer together with increasing
number of neutrons. The single-particle energies, how-
ever, change significantly from one to another isotope,
as is best seen from Fig. 7. The most drastic is the shift
of the 1g7/ orbit; within the Zr isotopes this orbit is as
high as the 2ds/, orbit, while in the Pd isotopes it jumps
below the 2dse orbit, and then moves again upwards
above the 2ds/2 orbit. This indicates that the interaction
between 1g72 neutrons and 1gy2 protons, which causes
the shift of the 1g7» neutron orbit, is most effective in
the Pd isotopes, i.e., where the 1gy. proton orbit is
about half-full.

The parameter A is larger within Pd than within the
Zr isotopes, in contrast to the general tendency of A,
to decrease with increasing mass number. For the case
of Pd"5, the value A=1.4640.04 MeV has been ob-
tained from the Q(d,p) values measured by the present
experiment (Table T).

In the last line of Table VIII the strength of the
pairing force is given in terms of GA, where A is the
mass number. Within the Pd-isotopes the average value
is (GA)yw=129.24-0.9 MeV and within the Sn isotopes
is (GA)av=23.84=1.4 MeV. These values are larger than
the value (GA=19) assumed for Sn in Kisslinger and
Sorenson!! computations, and is in the range of the
values quoted™ for Pb isotopes (GA =23 to 30).
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