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Low-lying dipole strength in the neutron-hole nucleus207Pb has been investigated in nuclear resonance
fluorescence~NRF! measurements performed with bremsstrahlung beams with an end-point energy of 4.1
MeV. Known excitations at 898 (3/22), 3303 (1/21), and 3927 (3/22) keV were observed and their absolute
total strengths were determined with improved precision. While excellent sensitivity was obtained in this study,
no other dipole excitations could be detected in the energy region from 1 to 4 MeV.@S0556-2813~98!02706-X#

PACS number~s!: 25.20.Dc, 21.10.Pc, 23.20.2g, 27.80.1w
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The lowest states of207Pb have long provided example
of the success of the nuclear shell model and can gene
be understood as single-neutron hole excitations; the 3p1/2

21

ground state as well as low-lying 2f 5/2
21, 3p3/2

21, 1i 13/2
21,

and 2f 7/2
21 states have been identified@1#. Weak coupling

of the p1/2
21 ground state with the 32 octupole phonon of

208Pb at 2614 keV results in a doublet at 2624 (5/21) and
2662 (7/21) keV @2–4#. Recently, the complete sextupl
~1/21 to 11/21! from coupling of thef 5/2 neutron hole, the
first excited state of207Pb, with the octupole phonon of th
208Pb core (32 ^ f 5/2

21) has been suggested@5#. Moreover,
fastE1 transitions were observed to play an important role
the deexcitation of these states. To obtain additional in
mation about low-lying excitations in207Pb andE1 transi-
tions in nuclei near closed shells, more specifically, th
involving octupole phonons, a nuclear resonance fluo
cence~NRF! study of 207Pb was undertaken.

NRF is a sensitive, selective technique for studying lo
lying dipole excitations in nuclei, and the formalism for d
scribing the population of these excitations has been
scribed previously @6#. With beams of continuous
bremsstrahlung, the total cross section integrated ove
single resonance and the full solid angle is

I s, f5gS p
\c

Eg
D 2 G0G f

G
, ~1!

where Eg represents the excitation energy of the photo
cited state, andG0 , G f , andG are the decay widths of th
excited state to the ground state, to a final lower-lying st
and its total width, respectively. The statistical factor,g
5(2J11)/(2J011), depends only on the excited state a
ground state spins. The productgG0 can be extracted from
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the measured scattering intensities and is proportional to
reduced excitation probabilities,

B~P1!↑5gB~P1!↓5
9

16p S \c

Eg
D 3

~gG0!. ~2!

In numerical form,

B~E1!↑50.955
gG0

Eg
3 @1023e2 fm2#, ~3!

B~M1!↑50.0864
gG0

Eg
3 @mN

2 #, ~4!

gG0
red5g

G0

Eg
3 , ~5!

where the transition energies are in MeV and the grou
state transition widths are in meV. As is clear from the

l,

FIG. 1. High-energy portion of the207Pb(g,g8) spectrum ac-
quired with a photon energy endpoint of 4.1 MeV. The27Al cali-
bration peaks, single escape peaks~SE!, and the peaks from transi
tions in 207Pb are labeled.
3459 © 1998 The American Physical Society
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TABLE I. Results from the207Pb(g,g8) reaction. Excitation energiesEx , spins and paritiesJp, inte-
grated cross sectionsI s,0 , ground-state decay widthsG0 , the productsgG0

red of the spin factorg and the
reduced ground-state decay widthsG0

red, experimental decay branching ratiosRexpt, and the reduced excita
tion probabilitiesB(M1)↑ andB(E1)↑ are given. For comparison theG0 values determined by Swann@10#
are also presented.

Ex

~keV!
Jp I s,0

~eV b!
G0

~meV!
gG0

reda

(meV/MeV3)
Rexpt

b B(M1)↑
(mN

2 )
B(E1)↑

(1023 e2 fm2)
G0

Swann

~meV!

898 3/22 15.5~17! 1.63~18! 4.49~50! 0.388~43!

3303 1/21 12.5~8! 46.0~25! 1.28~7! 0.52~6!c 1.22~7! 39~6!

3927 3/22 132.3~94! 297~19! 9.82~63! 0.19~2! 0.848~55! 340~40!

aSee Eq.~5!.
bRexpt5B(PL;J→Jf)/B(PL;J→J0) 5(Gf /G0)(EgJ0

3 /EgJf

3 ).
cFrom Ref.@5#.
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equations, the reduced transition widths are proportiona
the reduced dipole excitation probabilities.

The excitation of low-lying states of207Pb was performed
with continuous bremsstrahlung from the 4.3 MV Dyn
mitron accelerator of the University of Stuttgart@6#. The col-
limated bremsstrahlung beam was allowed to strike the s
tering sample, a 1336 mg metallic Pb disk~92.78% 207Pb!
sandwiched between Al disks, where the well-known tran
tions in 27Al served as an absolute photon flux monitor@7#.
Figure 1 illustrates the high-energy region of the spectrum
scattered photons which were detected with high-resolu
HPGe g-ray spectrometers located at angles of 90°, 12
and 150° with respect to the incident bremsstrahlung be
Peaks arising from207Pb and from the Al photon flux moni
tor are indicated.

In Table I, the results of the present study are summ
rized. The spins indicated have been firmly determined
previous studies, and theg-ray angular distributions mea
sured in the present work are consistent with these ass
ments@8,9#. Also shown in Table I are the results from th
NRF measurements of Swann@10#. While his results appea
to be in good agreement with those of the present work
should be noted that theg-ray branchings given in Table
were not available in the previous work@10#.

The dipole strength distribution measured for207Pb is il-
lustrated in Fig. 2. It is surprising that only three states
207Pb—at 898, 3303, and 3927 keV—were excited in t

FIG. 2. Dipole strength distribution in207Pb. Shown are the
values g•G0

red for the 898 (3/22), 3303 (1/21), and 3927
(3/22) keV excitations, the only states observed in this study.
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reaction, although the sensitivity of the measurement
energies above 2.5 MeV is excellent~see Fig. 3!. The sensi-
tivity at about 3.4 MeV corresponds to a dipole excitati
strength ofB(E1)↑'0.131023 e2 fm2. Furthermore, there
is little fragmentation of the dipole strength. It shou
be noted, however, that these are the only well-establis
@8,9# excited states in207Pb with spins of 1/2 or 3/2 below 4
MeV.

The population of the 898-keV 3/22 state can be under
stood as then(3p1/2)

21→n(3p3/2)
21 M1 single-particle

transition. The measuredM1 strength is in excellent agree
ment with that determined previously@9,11,12#.

The 1/21 state at 3303 keV has been suggested@5,13,14#
as the lowest-spin member of the 32

^ f 5/2
21 sextuplet and

would not be expected to receive significant population
photon scattering measurements. However, as pointed ou
Smith et al. @14#, the wave function of this state is expecte
to contain a significant fragment of the deep-lying 3s1/2

21

state. The strong population of this state in NRF can thus
attributed to then(3p1/2)

21→n(3s1/2)
21 allowedE1 transi-

tion.
The most strongly excited state, the 3927-keV 3/22 exci-

tation, defies a simple interpretation. Weak coupling of
4085-keV 21 excitation in 208Pb to thep1/2 neutron hole,

FIG. 3. Plot illustrating the sensitivity of the prese
207Pb(g,g8) measurement. The reduced transition widths can
related to reduced transition probabilities through Eqs.~3!–~5!. The
sensitivity at 3.4 MeV corresponds to a value ofB(E1)↑'
0.131023 e2 fm2.
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the ground state of207Pb, should lead to a doublet ne
this excitation energy, but these states have been fir
identified@2,10# as the 3/22, 5/22 doublet at 4104 and 414
keV. Fragmentation of this strength into the 3927-ke
state might serve to explain the strength observed in
study.

In summary, the 207Pb(g,g8) reaction has been per
formed with bremsstrahlung beams with an end-point ene
of 4.1 MeV, and the absolute dipole strengths of the po
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lated states were determined. While the sensitivity of t
measurement was quite high, only three known excitati
were observed below 4 MeV.
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