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High-spin states of J = 12, 14 in Pb studied by (e,e')
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Inelastic electron scattering cross sections for the excited states at 6.43, 6.74, and 7.06 MeV in ' 'Pb were
measured with high resolution. The measurements were done in forward and backward directions covering
the momentum transfer range of 0.3 &q & 2.5 fm '. The state at 7.06 MeV was identified as the
m(i]3/2h]]/, ')» and the states at 6.74 and 6.43 MeV as the v(I']5/2l]3/2 )]4 ]2 respectively. The identification
was based on four criteria: (a) the agreement between the q dependence of the measured form factor with
that of Hartree-Fock single particle-hole prediction, with no adjustment of radial parameters, (b) the absence
of a longitudinal form factor, (c) the relative magnitude of the observed levels, and (d) the excitation
energies being close to the single p-h energies. The measured strength of each state was found to be 50% of
the single p-h prediction.

NUCLEAR REACTIONS Pb(e, e'}E= 50—335 MeV; measured o.(E}, g =90',
160 . Pb deduced, levels J'= 12, 14 . DWBA calculation with Hartree-Pock

single particle wave functions.

I. INTRODUCTION

The '"Pb nucleus has been subject of several
(e, e') experiments. ' ' The existing high energy
data have been limited by the lack of resolution
to only those of strong and well separated states,
while at low energy they have been limited to low-
spin states where the levels could be identified
and int,erpreted without high momentum transfer
data. The Bates accelerator electron scattering
facility with its high resolution, high incident beam
currents and moderately high incident energies,
now makes possible the detection of relatively
weak states in regions where the density of levels
is high.

The "'Pb nucleus has closed neutron and proton
shells. The dominant excitations at low energy
and momentum transfer are the well known col-
lective excitations of relatively low spin. These
are interpreted as a large number of single parti-
cle-ho]e (p-h) excitations coupled together to the
collective state of .spin and parity ~'. On the
other hand, the number of single particle-hole
transitions which can couple to-large 4 is usually
considerably smaller, thus collectivity is less
likely to build up. Such high-spin states then can
have a very pure composition, and their investi-
gation through electron scattering or other probes
is particularly interesting.

The particle-hole components at p-h energies
below 8 MeV which give rise to states with spins
above 9 are listed in Table I. Among these is only
one p-h transition which couples to J"= 14, and

only two which couple to J'= 12 . States domi-
nated by such single p-h transitions cannot be
called collective. However, because of the high
occupation number of the levels involved, many
nucleons participate in these transitions resulting
in substantial cross sections. For some of the
listed p-h transitions the cross sections, calcu-
lated in Born approximation using Hartree-Fock
wave functions, are shown in Fig. 1.

With all the multitude of shapes of form factors
to be expected, electron scattering can contribute
the following criteria for the identification of
states: (a) The exact matching of the q depen-
dence of the form factor. (b) For the identifica-
tion of magnetic excitations, the absence of a
longitudinal form factor is a necessary condition
(but not sufficient). (c) The relative magnitude
of all the observed levels. (d) The observed ex-
citation energies that are close to the p-h ener-
gies. When all four criteria are considered for
certain cases, they alone can make a very con-
vincing identification. The identification and in-
terpretation of the natural parity (electric) states
is still underway, as more p-h transitions exist
that can mix. Preliminary results identifying the
magnetic high-spin states, namely, the w(i»/„
~11/2 )y2 and the ~U15/2 ~ 13/2 )y4 ~ 12—

published. ' We shall present in this paper new
backward angle measurements, as well as the
measurements of the form factor for the 14 state
at 6.74 MeV, confirming those results.

The full experiment included a comparison of
the different lead isotopes, which will be pre-
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TABLE g. High-spin (J& 9), single p-h transitions in Pb, whose single p-h energies are
below 8 MeV.

Transition Z.~ (MeV) Magnetic

neutron (p-h)

Electric

2gs/2
&is/2

~is/2

~ii/ 2

&is/2

1ii /2

5/2

2ge/2

~is/2
2g7/2

ii/2

i3/2
2fs/2
3P3/2

i3/2
113/2

f? /2

113/2

ho/2

Zi 3/2
hs/2

5.06
5.42
5.66
5.84
6.48
6.55
6.63
6.84
7.19
7.55
7.62

14 12 10

10

Proton (p-h)

g+

9+
9+
9+

10'
10+

10+
10+

9

9

2f~/2 hii/2
Z(0/2

2ds/

5.65
6.54

- 7.26
7.59

12 10
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9+
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9
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FIG. 1. Cross sections of high-spin, single particle hole transitions in 08Pb calculated in Born approximation.
Shown are the following transitioris: Proton: a, b (ii3/2h«/2 ')i2- io-, c (i&3/22ds/2 ')9+, d (2f, /2h«/2 )9+, e (h&/2, h«/2 '),0+.

Vt5/2010/2 14 10 10 ' 10i1/2010/2 ~10+, 11+ 10+ ~ ~t0/2 f7/2 111+' ~ 1011/2 0/2 ~10
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sented, together with the full experimental details
in a forthcoming paper. ' Here we shall describe
only briefly the experimental details (Sec. II).
Section III contains the results, followed by com-
ments on the distorted-wave Born approximation
(DWBA) analysis and a discussion in Secs. IV and
V.

II. EXPERIMENTAL METHOD AND DATA REDUCTION

The experiments were done using incident ener-
gies between 50 and 335 MeV, detecting the scat-
tered electrons at 90 and 160'. The momentum
transfer region covered was 0.3 &q &2.5 fm ' at
90' and 0.8 &q&2. 5 fm ' at 160 . The inelastic
electron scattering cross section is given in Born
approximation by

45—

I I I I
I

I I I

aoePb

I 80MeV
I80'

'"Pb cross section, calculated with a phase shift
code, from the best fit to all available (e, e) and
muonic x-ray transitions data. ' At 160' we took
absolute measurements, since the elastic peak
was too weak to determine a normalization. Com-
parison of the measured cross sections, when
possible (energies below 180 MeV), with the cal-
culated ones gave agreement within +5%. A total
of 1V spectra have been taken at 90, and 14 spec-
tra at 160'.

~ = ~ „„El&'(q)l'+ [-.'+tan'(-.'~)]

x [IEr(q) I
+ l&r(q) I ]] q = 2E sin' & ~ (I)

The extra factor of (—,+tan' —,'6) in front of the
sum over the transverse form factors allows a
separation of the longitudinal form factor &~~, from
the transverse form factors +~ and &~, using the
total cross section measured in different direc-
tions (90 and 160') in Born approximation. This
separability is not restricted to Born approxima-
tion. For example, the curves to be shown in
Figs. 3 and 4 were calculated in DKBA at both
90 and 160'. The resulting cross sections when
divided by o„[-,'+tan'( —,'&)] and plotted versus q,«
= q(I +4&o'./3EA' '), to correct for the distortion
of the electron waves, are almost identical.

The targets used were '08Pb foils 99.'%%uo en-
riched, of 30 and 10 mg/cm' thickness. The 30
mg/cm' target was used in transmission mode
for the 90' measurements, while the 10 mg/cm'
was used in the 160 measurements in reflection
mode. Special cooling arrangements allowed beam
currents up to 45 pA.

The scattered electrons were analyzed with the
high resolution energy loss spectrometer. ' A

solid angle of 3.1 msr was utilized. The momen-
tum acceptance was limited to 5% to avoid inef-
ficiencies near the edges of the detector.

The incident electron energies as well as the
spectrometers linear and quadratic dispersion

I

parameters were obtained by measuring the recoil
energy differences between elastic peaks of 'Be,
' 0, Al, and Pb, together with the peak loca-
tions of excited states with well known excitation
energies in these nuclei. The magnetic field in
the spectrometer was measured with a NMR
probe. The resulting uncertainty in the incident
beam energy was typically 0.2%.

The 90 data were normalized to the elastic
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FIG. 2. (e, e') spectra from Pb taken at forward and
backward directions. The spectrum at 180' was taken
by Lindgren et al. (Ref. 12).



500 J. I ICHTEN STADT et al. 20

To extract. the cross sections, a line shape fit-
ting code was used, in which an asymmetric
Gaussian shape is folded with the effects of I'an-
dau straggling, bremsstrahlung, and emission
of Schwinger radiation using the method of Berg-
strom. ' In the fitting process more than 40 levels
have been fitted to each spectrum. In general the
peak shape was "locked" to the shapes of strong
peaks which were known to be well separated.
The excitation energies of the fitted levels were
allowed to vary only when the peaks were well
defined. Otherwise the excitation energies were
locked too, to the known energy of a close strong
peak. As a guide we used the excitation energies
obtained by the (P, P') experiment by Wagner
et al."

III. RESULTS

Typical spectra taken at 90 and 160 are shown
in Fig. 2, together with a '"Pb spectrum taken
at 180' by Lindgren et al. ' A best fit to the 160
data is also shown. A comparison of the 90' and
160 spectra shows that above 6 MeV of excitation,
most of the states have a substantial transverse
form factor. It should be noted that the data taken
at 180 look very similar to the data taken at 160 .
This is due to the transverse nature of most of
the observed cross section in this excitation reg-
ion. Measurements at 180 would then gain
very little in comparison to measurements at
160', while increasing the complexity of the ex-

per imental setup.
The incident energies in the experiment and the

extracted cross sections of the states at 6.43,
6.75, and 7.06 MeV, wh-ich will be identified as
the 12,14, 12 states, respectively, are given
in Table II. The uncertainty in the excitation ener-
gies of these states is 15 keV for the 6.43 MeV
state and 10 keV for the other two. The cross
sections given are already corrected for finite
acceptance of the spectrometer, for multiple scat-
tering, and for the energy spread in the incident
beam. The errors in the cross sections given in
Table II are the statistical errors. There is an
additional 5% uncertainty coming from the target
thickness and the absolute normalization, not in-
cluded in the table. This is a correlated uncer-
tainty which does not affect the q dependence, but
is an uncertainty in the overall observed strength.

According to Eq. (l), at 90 where [2+tan'(26)]
= 1.5, the longitudinal and the transverse form
factors contribute to the cross section according
to their magnitude with about the same weight.
At 160 the contribution from the transverse cross
section is enhanced by a factor of 32. To demon-
strate its transverse nature, we plotted the cross
section divided by o„t—,'+tan'( —,'8)] vs q,«, thus as-
suming a purely transverse form factor. The

ff which was used only for plotting purposes,
corrects approximately for the distortion effects
on the electron wave. These plots are shown in
Figs. 3 and 4.

TABLE II. Experimental cross sections measured for the excited states at 6.43, 6.74, and
7.06 MeV. Errors are the statistical errors only. The number following E is the power of 10
which multiplies the preceding number (En = 10").

E ~MeV)

6.43 MeV
(mb/sr)

6.74 MeV
(mb/sr)

7.06 MeV
(mb/sr)

201.53
213.85
236.85
255.96
273.97
298.59
335.40

0.22
0.21
0.15
0.13
0.18
0.17
0.22

5.44E-7
1.60E-6
1.39E-6
9.64E-V
4.36E-7
2.03E-V

97
13.5
12.5
7.3

j4
30

90'

4.06E-V
1.26E-6
1.01E-6
1.30E-6
1.04E-6

54
13.5
7.6
5.6

12

2.15E-6
3.59E-6
2.58E-6
3.72E-6
3.46E-6
1.93E-6
6.96E-7

15.5
22
11
7.1
3.4
5.9

12

140.69
149.97
165.29
180.70
195.27
210.99
225.12
240.07
255.12

0.11
0.22
0.12
0.25
0.26
0.10
0.17
0.22
0.22

2.56E-V
3.30E-V
6.61E-V
8.71E-7
5.74E-7
3.39E-V
1.53E-V
6.70E-8
1.42E-8

40
21
12
8.2
9.4

13.5
22
24
59

160

1.16E-V
1.84E-7
3.35E-7
7.90E-7
7.85E-V
9.91E-7
9.20E-7
5.33E-7
9.34E-8

74
28
23
9.0
7.6
6.9
6.8
7.5

19

8.23E-7
1.70E-6
2.36E-6
2.89E-6
2.43E-6
1.37E-6
9.64E-7
2.17E-V
5.09E-8

20
8.9
5.8
4.3
4.0
6.0
6.6

14.5
27
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IV. DWBA ANALYSIS

In the Born approximation the form factor of the
magnetic transition MX is calculated from the
current density p~~ by

FIG. 3. Cross section of the level at 7.06 MeV with
J'=12 . The dashed and solid lines are single p-h pre-
dictions of the 7l-(j]3)2h((] 2 )(2 transition, using Hartree-
Fock and Woods-Saxon wave functions, respectively.
The curves presented are the "reduced cross sections"
calculated in DWBA at 160'. The calculation at 90' is
almost identical to that at 160', to the accuracy of the
graph. E"(q') = ~ p~~(r)jdq ~ r)r'dr,

(4w)'~' J
Z J;

Nj = (2j+1), p~&, = pa~+ pa~ .
The total current density has contributions from
the magnetization current and from the convection
current. Following Lee, " the magnetization cur-
rent is determined from the radial shapes of the
particle and the hole wave functions, U~(r) and

U~(r), b~

(2)

'q ff (fm )

FIG. 4. Cross sections of the levels at 6.74 and
6.43 MeV, with J =14, 12, respectively. The dashed
and solid lines are single p-h predictions of the

f5 /2~13/'2 14",$2" transitions, using Hartree-Fock and
Woods-Saxon wave functions, respectively. For cal-
culational details see text.

A A
~ ~ .

&P-&P+~+&( 1)~+ II+i/2 &e &a' -' --' 0 [4~~(~+1)]'"

x~=(l, —j~)(2j~+1), p~"'"=2.79'», p~""'" =1.91p,„,

~(x+1) d 1+(x,+x„) „+— Ug(r)U„(r),dx

where p, ~ is the nuclear magneton, and M the nucleon mass. This is then folded with the proton size.
Simplifying the expression given by Lee, the contribution from the convection current is given by

U" U
pzz= -,q, j,j„1~1„.~ .', ([l„(l„+1)]'~'(1,0l„lIX1)+ [l~(l, +1)]'~'(l„01~1Ixl)) r (4)

This contribution is folded with the charge dis-
tribution of the proton or the neutron. All the
calculations were done in DWBA using the above
current distributions with the computer code

I

HE&MAG. ~S

To test the code we calculated the cross section
'setting the nuclear charge to Z= 1, thus turning
off the distortion of the electron waves, and there-
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by reproducing essentially the Born approximation
result. The latter in turn was compared to the re-
sult obtained from the code MIGRODENS, "using
harmonic oscillator wave functions.

V. DISCUSSION

The identification of the states was done follow-
ing the four criteria mentioned in the Introduction.
These are the q dependence of the form factor,
the absence of a longitudinal form factor, the
relative strength of the levels, and the closeness
of their excitation energies to the single p-h en-
ergies.

The excellent agreement between the reduced
cross sections (v/o„„, [—,'+tan'( —,'6)]) taken at 90
and at 160' indicates that our results are consis-
tent with the assumption of purely transverse form
factors. The 90 data agree also very well with
the fit which will be discussed later. The fit is
essentially determined by the 160' data, and shows
that any longitudinal form factor must be less
than -10%%uo of the transverse form factor.

Of the three states the stronger one is observed
at 7.06 MeV of excitation, and the other two are
close in their excitation energies, which are 6.43
and 6.74 MeV. We identify the state at 7.06 MeV
as the w(i„~,h»~, ')» transition whose single p-h
energy is 7.20 MeV, and the states at 6.74 and
6.43 MeV as the v(j„y,i„y, )„-„-, with single
p-h energy of 6.48 MeV. The observed excitation
energies are very close to the single p-h energies
and the observed relative strengths follow the
predicted ones as can be seen in Fig. 1.

In the identification process we compared the
measured cross sections to the calculated ones
of the single p-h transitions. We chose the wave
functions generated from the self-consistent Har-
tree-Fock (HF) potential using the DME inter-
action of Negele and Vautherin. " These single
particle wave functions reproduce the elastic scat-
tering from Pb up to the third maximum, as
well as predict the proper q dependence of the
Coulomb form factor for the 10' state at 4.89
MeV (Ref. 5) over the first maximum.

The choice of HF wave functions to identify the
transitions is of significance, since it avoids an
adjustable radial parameter to be fitted. As can
be seen from Fig. 1, form factors of different
multipolarities do not necessarily differ strongly
from each other in the location of their first maxi-
mum. Using harmonic oscillator wave functions,
or Woods-Saxon wave functions, where the well
size parameter is adjustable could lead to incor-
rect interpretation, as a change in this parameter
would shift the form factor in q space.

The calculated form factors were fitted to the
data for each level by varying only the overall

strength. These fits are presented by the solid
lines in Figs. 3 and 4 together with the experi- .

mental results. The agreement between the cal-
culation and the experiment, as seen from these
figures, is excellent.

After the positive identification was made using
the HF wave functions, we repeated the calcula-
tions using Woods-Saxon wave functions, fitting
the well size parameter as well as the overall
strength. In these calculations we fitted the neu-
tron well size to the 14 data, and the proton well
size to the 12 state at 7.06 MeV. The well radius
came out to be 1.255+ 0.003 fm for both configura-
tions. The cross sections, which are almost
identical to those obtained from the HF prediction
are shown in Figs. 3 and 4 as well.

Finally we tried other single p-h interpretations.
These gave much worse y' in the fit, even when
configurations which should be a priori excluded,
since their p-h energies are too far away from the
observed energies, were considered. The form
factor of the state at 6.43 MeV for example, has a
shape close to that of the (i»~,h, ~, ')„- transition.
This, however, has a single p-h energy above 7.6
MeV, and as such is a very unlikely interpretation.

It should be noted that the density of states in
this region of excitation energy is very high. This
high density consists mainly of lower-spin states,
where many single p-h transitions can contribute,
and fractionation may occur, as observed in the
M1 states. " It must be considered then that with-
in our resolution several states can contribute
to the total observed cross section. There are,
however, a few considerations which experimen-
tally help. The lower-spin states have their first
maximum of the form factor usually at lower mo-
mentum transfer. Thus the observed form fac-
tors in these excitation energies at low momentum
transfer can be used to estimate the background
contributions from such low-spin states to the
form factor of the adjacent high-spin state. The
background for the three states discussed here
was estimated to be smaller than the statistical
uncertainties. On the other hand, the density of
the high-spin states is low, which makes it very
unlikely that the observed form factors'stem from
two or more unresolved high-spin states. Also
such a mixture generally would not agree with a q
dependence of a single configuration.

The overall strength observed when fitted either
with HF wave functions or with the Woods-Saxon
wave functions comes out to be only (50+ 3. 5)%%uo

of the predicted single particle strength for the
v(j„~„i„~,)„», as well as for the ~(&»g» &»y, ')»-
configuration. This quenching is about the same
as that observed in the M9 moment of the ground
state of '"Bi, coming from the odd h, y, proton. "
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Several effects might cause this quenching: In
our calculations, no exchange currents have been
included, nor have we included any many-parti-
cle-many-hole configurations in the wave func-
tions. We have also ignored any "core polariza-
tion" due to the spin exchange part of the inter-
action. While exchange currents seem to increase
the cross section, " the many-particle-many-hole
configurations reduce the overall strength. The
core polarization similarly to the induced or ef-
fective charge leads to an additional magnetiza-
tion, and because of the repulsive nature of the
interaction tends to reduce the total magnetization
observed. These effects have been parameterized
by Ring and Speth" introducing an effective mag-
netic operator g,« = 0.89 &g„„. Generally one
would expect that the effects of exchange currents
as well as the "core polarization" will introduce
some additional q dependence as observed in
(e, e') charge scattering. " However, we observe
in this experiment only the first maximum of the,
form factors, thus the sensitivity of these data
to an additional q dependence is rather limited.
Also one would expect that as these effects are
"located" mostly at the nuclear surface, the form
factors of the corrections will be similar to the
observed form factors.

VI. SUMMARY

The (e, e') cross sections of the excited states
at 6.43, 6.74, and 7.06 MeV have been measured

in forward and backward directions. The data
indicate that these cross sections are purely trans-
verse. The multipolarities of these states have
been shown to be 12, 14, and 12, resulting
from the single p-h transitions v(j„~„i»~, ')„- „-
and ~(i„~„h»~, )„-, respectively. The identifi-
cation was based on the agreement of the q de-
pendence of the cross sections with the predictions
of Hartree-Fock wave functions, the relative
strengths, and the excitation energies of these
states. The overall strength observed is 50% of
the single particle prediction.

Further investigation of all the levels observed
in this experiment is underway in order to identify
other expected high spin states.
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