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A bremsstrahlung photon beam from electrons with end-point energies of 7.66 and 10.37 MeV
was used for photoexciting levels in 2Na. Values of gT'3/T" and gI'y of 22 levels below 10 MeV
were obtained using scattering and self-absorption measurements. The values for 7 levels are re-
ported for the first time. The temperature variation of the scattering cross section was measured at
T=300 K and T=78 K to study in some detail the effective temperature T, of metallic **Na. The
results of the total B(M 11) strength of T=% levels below 9 MeV were found to be in excellent

agreement with the large-scale shell-model calculations.

NUCLEAR REACTIONS *Na(y,y'), E=7.66, 10.37 MeV bremsstrahlung.
Deduced E,, gy, B(M11). Natural target.

I. INTRODUCTION

The interest in the 2*Na nucleus arises from its being an
odd nucleus in the s-d shell region having a relatively
large deformation. Thus it constitutes a favorable nucleus
for testing the particle-rotor model. In fact, several levels
of *Na have been described as members of rotational
bands built upon intrinsic single particle states.'™* It
should be noted, however, that the large-scale shell model
calculations of McGrory and Wildenthal® seem to repro-
duce nicely not only the static properties of 2*Na, such as
its ground state magnetic moment and its electric quadru-
pole moment, but also the excitation energies and the
dynamic properties such as the rates of the electromagnet-
ic transitions between the various levels.

The measurement of the widths of the above levels con-
stitute a most sensitive test of any theoretical model trying
to describe the states of >Na. The 2*Na levels are of fur-
ther interest as they are used for flux calibration purposes
in nuclear resonance fluorescence (NRF) experiments with
bremsstrahlung.

In the past, the width of the 3Na levels were measured
using bremsstrahlung®’ and employing the NRF tech-
nique. However, in that work no self-absorption measure-
ments were carried out, and the ground state widths were
obtained using calibration levels of known widths in !'B.
Some self-absorption data were reported on a few levels
below 7.1 MeV in »*Na using either bremsstrahlung pho-
tons or quasimonochromatic photons emitted from the
F(a,p)!°0, and the *N(p,a)'*C reactions.®*

The use of self-absorption for the determination of level
widths is advantageous because the result is independent
of the intensity of the incident beam which is a principal
source of uncertainty. However, such a measurement re-
quires _an accurate knowledge of the Doppler width,
A=V'2kT, /Mc? which depends on the effective tem-
perature T,. The value of T, is usually calculated using
the Lamb formula!®!! but this has been found to produce
inconsistent results in the case of !'B and in some molecu-

29

lar compounds.'?!* It was therefore thought to be advis-
able to test this formula again for 2*Na (as was done in the
case of !!B). The results indicated that the use of the
Lamb formula for calculating T, was appropriate for the
case of metallic *Na.

II. EXPERIMENTAL PROCEDURE

The incident bremsstrahlung was produced using 7.66
and 10.37 MeV electron beams and <15 pA currents
from our 100% duty cycle MUSL-2 accelerator.’* These
electron beams traversed 76 or 196 mg/cm? gold foil radi-
ators. These are then stopped by a thick graphite block
placed in a Faraday cup which monitored the beam inten-
sity. The experimental arrangement is essentially that
given in Ref. 15. The only difference was the use of a 5
cm thick borated paraffin shield around our 55 cm?
Ge(Li) detector. The use of this shield was found to be
very effective against the fast neutron background. The
face of the detector was situated at a scattering angle of
127° with respect to the incident photon beam and at a
distance of 35 cm from the target. A photon hardener
consisting of copper (6.0 cm), lead (2.15 cm), and borated
paraffin (5.0 cm), placed in front of the detector was used.
The y-ray energy resolution of the system was ~ 10 keV
FWHM at E,=8 MeV for counting rates of
~3X%10*/sec. The electronics and the data acquisition
method used are described elsewhere.!>16

Square 10X 10 cm? targets of NaOH (4.18 g/cm? of
Na) and metallic Na, 3.74 g/cm? thick, placed in 4 mm
thick Lucite containers were used for scattering measure-
ments. For self-absorption, metallic targets together with
metallic absorbers having thicknesses of 3.80, 7.46, and
11.26 g/cm?® were used. Comparison absorbers of metallic
magnesium were employed to account for the atomic at-
tenuation of the bremsstrahlung beam.

In the temperature variation measurements, a 7.46
g/cm? thick metallic Na absorber (situated near the
bremsstrahlung source) and a 3.61 g/cm? thick metallic
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Na target were used. This target was enclosed in a thin
aluminum foil after being immersed in liquid paraffin to
avoid oxidation. The scattered intensities at 7=78 K
(liquid nitrogen temperature) and 7=300 K were com-
pared. The reason for employing a resonant absorber in
this measurement will be explained in Sec. III E.

III. RESULTS AND DATA ANALYSIS

A. Scattered spectra

Figure 1 shows the measured spectrum of photons scat-
tered from the Na target (using 10.37 MeV bremsstrah-
lung). This spectrum is the sum of six resonant and non-
resonant absorption spectra and is given here because of
its high statistics; it enables accurate branching ratio
determinations for several levels. Table I lists the identi-
fied transitions of this spectrum. In addition, it shows a
few “background” lines at 6917 and 7117 keV which are
owing to elastic scattering from %0 present in the Lucite
container of the target. The 2223 keV y line of the
'H(n,y )*H was also observed. The 4439 ¥ line owing to
the scattering from the first excited state of '2C was ob-
scured by the very intense 4432 keV y line of 2*Na. The
excitation energies of the >*Na levels (Table I) were de-
duced from the spectra after correcting for nuclear recoil.
The results are generally consistent with the values adopt-
ed by Endt and Van der Leun."’

B. Branching ratios

The branching ratio, I'; /T, of each level was deter-
mined by measuring the relative intensities at =127 of
the observed inelastic branches to low-lying excited states.
Corrections were made for the energy dependence of the
detector efficiency. It was assumed that the angular dis-
tribution of the scattered radiation is W(0)=1

+A4,P,(cosf). This implies that either pure dipole or
mixed dipole-quadrupole transitions are involved. The re-
sults of T';/T" for some levels in *Na are listed in Table
II. This table also gives our adopted values of the ground
state branching ratio I'y/I" based on comparisons of the
present and previous results.!”

C. Scattering cross sections

Values of gT'3/T" of the 2*Na levels were obtained from
a knowledge of the flux-efficiency product N, (E)e(E) for
E >3 MeV. This product was determined for electron
beam energies E, =7.66 and 10.37 MeV and for the two
thicknesses of the Au radiator by measuring the scattering
intensities from calibration levels in ''B, *Mg, ?’Al, 3'P,
8Sr, and 2®Pb whose widths are accurately
known.'?>151718 These results were combined with values
of To/T to determine gI'3/T" and hence the scattering
cross sections. A curve was drawn through the experi-
mental points of N,(E)e(E) vs E using a least squares
procedure with quadratic and cubic functions of E. More
details about this procedure!’ may be found elsewhere.
This curve together with the scattering intensities from
the Na target was used to deduce the scattering cross

sections and hence the values of gI'3/T" for the »*Na lev-
els. By combining those results with the measured
branching ratios [y/I, the values of gI'y were deduced.
For some 2°Na levels below 7.3 MeV, two separate deter-
minations of gI'3/T" were made corresponding to the two
incident energies at E, =7.66 and 10.37 MeV. The results
of the two measurements were in good agreement apart
from the levels at 2982 and 3915 keV where the 10.37
MeV results were higher by 20% and 50%, respectively.
We attribute the discrepancies to the feeding of those lev-
els from higher energy levels. Thus, for those two levels,
the 7.66 MeV results were adopted after corrections for
feeding from higher levels. The gT', for 14 levels in *Na
determined by the above procedure are listed in Table III.

D. Self-absorption

Three sets of self-absorption measurements'! were car-
ried out, corresponding to the different Na-absorber
thicknesses, to determine g of the strongly excited levels
at 4432, 5741, 5766, 6735, 7070, 7082, 7890, 8360, 8662
keV. The atomic attenuation of the photons was mea-
sured using Mg absorbers having an equivalent “atomic”
thickness to those of the Na absorbers. Typically, the nu-
clear attenuation factors R varied between 0.2 and 0.6, de-
pending on the absorber thickness and the nuclear level
parameters. The values of gI'y were then extracted from
the experimental data by using the following procedure:
Pairs of values of (I'g,I') were deduced which yielded the
measured value of the nuclear absorption. In doing so, a
computer program was used which accounted for the nu-
clear absorption in the absorber and in the scatterer.
These values of (I'y,I') together with their errors consti-
tute a region in the (I'g,I') plane. Another region was ob-
tained by plotting the experimental value of I'y/T, taken
from branching ratio measurements. The intersection of
the two regions yields the values of I'y and I'. This is il-
lustrated in Fig. 2 for the 8360 keV level obtained using
the measured values of R and I'y/T" and assuming g =1.0.
The values of the Doppler widths A of the nuclear levels
were deduced using T,=304 K (at T=300 K) and ob-
tained from Lamb’s Theory'® with a Debye temperature
6p =157 K taken from specific heat data.!’

Because of the dependence of the deduced values of gT'y
on the Doppler width and hence on T, (see Sec. I), we test-
ed the consistency of the above calculated value of T, by
measuring the temperature variation of the scattered cross
section as discussed in Sec. IIIE.

Table III lists the values of gI'y for nine levels as ob-
tained from the averages of the three self-absorption mea-
surements. The results for the remaining levels were de-
rived from the present scattering values as discussed
above. It may be noted that the self-absorption result of
the 4432 keV level was corrected for the combined effects
owing to the feeding from higher levels, and scattering
from the unresolved 12C level at 4439 keV. Furthermore,
the three levels at 8826, 9213, and 9626 keV are unbound,
the (y,p) threshold being at 8793 keV. Their widths were
determined by assuming the particle width ', =0 (Table
IID).
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FIG. 1. Spectrum of scattered photons from a metallic Na target with 10.37 MeV bremsstrahlung. This is a sum of six spectra,
obtained after passing the incident beam through a resonant Na absorber and a nonresonant Mg absorber. The single and double
primes denote the single and double escape peaks, respectively. Each channel equals 1.36 keV. The list of y-line energies corrected
for nuclear recoil are given in Table I. Other symbols are explained in the text.

E. Temperature variation of scattered intensities after passing the beam through a 7.46 g/cm? thick
resonant absorber of metallic Na at T=298 K (room tem-

As mentioned in Secs. I and II, the scattered intensities  perature). The use of a resonant absorber in this measure-
from metallic *Na were measured at T=298 K and 78 K ment served to enhance the dependence of the scattered in-
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TABLE 1. Excitation energies in 2?Na obtained after correcting the ¥ line energies of Fig. 1 for recoil
effects. Asterisks denote inelastic transitions where the corresponding initial and final states are indi-
cated. Some weakly excited levels are labeled A, B, and C.

Peak E, Peak E,
No. (keV) Transition No. (keV) Transition
1 9626+3 18 6735+2.0
2 921343 19 6694+2.0% 7134—>440
3 9168 20 6642+2.0* 7082 —>440
A 8826+2 21 6295+2.0* 6735—440
4 8773+3* 9213440 22 6022+2.0* 8662—>2640
5 8721+2 23 5766+1.5
6 8662+2 24 5741+1.5
7 8645+2 25 5378+1.5
8 8630+3 26 5326+1.5* 5766—»440
9 8360+2 27 5301+1.5* 5741440
10 7920+2* 8360—>440 28 4938+1.5* 5378—440
B 799243
11 7890+2 29 4432+1.5
12 7566+2 30 3915+1.0
13 7450+2* 7890440 31 3302+1.0* 53782076
14 713443 32 2982+1.0
7117('%0) 33 2640+1.0
c 712243 34 2542+1.0* 2982 >440
15 708242 35 2390+1.0
16 7070+2 36 2223 'H(n,y)*H
17 6917(1%0)

tensities on the Doppler widths of the Na levels and
hence on the T, of metallic Na. The Lamb procedure for
calculating T, of Na yields T,=304 K and 7,=93 K at
T=300 K and T'=78 K, respectively. Table IV compares
the measured and predicted ratios N(78 K)/N(300 K) of
the scattered intensities using the above values of T,. The
good agreement obtained between the two sets of ratios
shows the adequacy of the Lamb procedure'° for calculat-
ing T, in the case of metallic Na. It should be remarked
that the gI'y values of the strongly excited levels of **Na
as determined from the scattering cross section measure-

ments (being almost independent of 7, for thin scatterers)
were very close to those obtained by self-absorption. This
is a further confirmation of the above values of T,.

It should be noted that in earlier works,'>?° similar
temperature variation measurements were carried out on
92N, 208Pb, I°N, and !'B using elemental targets. The re-
sults indicated that while the Lamb procedure was suc-
cessful®® in predicting the scattering intensities versus T
for %2Ni and 2°%Pb, it failed to do so in the cases of 'B
and N. For !'B, it was necessary to take into account
the lattice binding properties of the boron atom'? in the

TABLE II. Branching ratios (in %) of *Na levels from initial states E, to final states E;. The spins
and parities J7 of the final states are indicated. The adopted values of the ground-state branching ratios
are based on averaging the results of the present measurement with those reported in the literature (Ref.

17).
E, (keV) E; (keV; J7)
Adopted Present work
63" it wndt 20761% 23911F 264017 301537

5378 13+1  14+1 66+6 20+1

5741 68+4  70+3 30+3

5766 60+5 5315 4114 6+1

6735 60+4  68+4 24+3 741

7070 83+6 9243 8+1

7082 56+2 5542 25+4 2042

7890 63+4 5814 36+3 6+1

8360 7143 7143 20+1 9+2

8662 8743  91+4 91
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TABLE III. Measured widths of 2*Na levels obtained, in some cases, using scattering measurements, and in other cases, using

self-absorption.

E,* To/T gTo JT

(keV) (%) V)
This work Others

2982 58+1° 0.10+0.02¢ 0.05+0.02° 0.08+0.02° i+
3915 82+2° 0.06+0.01¢ 0.05+0.01° 3+
4432 94+2° 0.95+0.10% 1.25+0.20° 1.07+0.05¢ i
5378 13+1° 0.6240.09 0.40+0.09° 0.3240.068 i+
5741 68+4° 1.1840.08 0.93+0.18° 0.84+0.15 (3,3
5766 60+5° 0.78+0.10 0.53+0.10° 0.58+0.148 (-3
6735 60+4° 0.66+0.08 0.38+0.08° (3,3
7070 83+7° 0.87+0.09 0.75+0.13° 1.0240.21" (3,3
7082 56+2° 0.99+0.12 0.85+0.18° 1.10+0.22" 3
7122 (100)° 0.08+0.03¢
7134 3747° 0.86+0.20° 0.95+0.18° 0.86+0.17" 3t
7566 30+20° 0.7740.52¢ 0.18+0.05°
7890 63+4° 2.1740.22 2.7540.50° 3tr=2
7992 (100)° 0.07+0.03¢

8360 71430 2.15£0.26 3.00£0.50° (3,30
8630 (100)° 0.11+0.03¢

8645 100° 0.43+0.05¢ 0.78+0.15°

8662 87+3° 1.41£0.23 1.63+0.27° itr=%
8721 (100)° 0.15+0.02¢

8826' 36+10' 0.3940.14' i
92131 (100) 0.11+0.04
9626 (100Y 0.10+0.03

2This work. Values of gy are from self-absorption unless otherwise indicated.

YResults taken from Ref. 17.
°Taken from the adopted values of Table II.

dScattering results combined with values of T'y/T". The errors include the uncertainty in the flux calibration.
°Scattering results taken from Ref. 6 (only statistical errors were reported).

fReference 9.
8Reference 7.

hReference 8.

fThis level is unbound, hence the listed values are those of I'g/T", and gI'o/T", /T instead of I'y/T" and gT.
The gy of this unbound level was deduced by assuming that I';=0 and I'o/I'=1.
kThis is an average over the scattering and the corrected self-absorption results (see the text).

particular target in order to get a consistent value of the
effective temperature of 'B. For 1N, it was necessary to
account for the contribution to T, of the zero-point ener-
gy of vibration of >N in the diatomic °N, molecule'* to
get a correct value of T,.

IV. DISCUSSION

The NRF process is selective in that only levels with
large ground state widths I'y and branching ratios I'o/T,
and hence large I'3/T" are expected to be strongly photoex-
cited. Thus the NRF technique is best suited for observ-

ing levels related to the ground state by E 1 or M 1 absorp-
tion. Since the 2*Na ground state is 3, most of the ex-
cited levels should have J"= —;—', %“, and %" and few ex-
cited levels can have -+ corresponding to pure E2 ab-
sorption. This is owing to the smaller probability of pho-
toexciting higher 'multipoles, which, for the case of M2
transitions becomes negligibly small. This may be seen by
noting that the single particle width of M2 transitions at 7
MeV, expressed in Weisskopf units (W.u.), is ~2 meV and
the smallest I'y that could be observed within the accuracy
of the present measurements is ~30 meV. Further, any
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FIG. 2. Plot of the ground state branching ratio I'o/T" and
the nuclear self-absorption ratio in the (I'y, ') plane for the 8360
keV level in 2Na. The intersection region defines the values of
the I'p and T together with the error bars.

width larger than 1 W.u. should, according to the com-
piled Nuclear Data results,?! be excluded as owing to a
M2 transition. Similar arguments show that the probabil-
ity of observing E2 transitions is not small and in fact a
large number of such transitions were already observed in
a recent NRF study?? of “°Ca, with a higher atomic num-
ber, Z =20, which makes it more difficult for weak transi-
tions to be observed.

The Na nucleus contains 7 nucleons outside the °0
core which are expected to be in the 2s-1d shell. Further-
more, most of the 2’Na levels below ~7 MeV are expected
to involve neutron and proton excitations within the 2s-1d
shells, hence, mostly M1 transitions should be excited.
These expectations are in line with observations because
among the 22 levels whose gI'j were measured in the
present work, 13 levels are known to have one of the fol-
lowing J™ values: J™=+", %Jr, and 5" and, hence, ob-
tained by M1 excitation. Only two levels at 7082 keV
(J™=3") and 9213 keV (J"=32") were excited by E 1
absm;ption which would involve either the excitation of
the 10 core or the promotion of one of the outer nucleons
in 2’Na to an odd-/ orbit such as 1f;,, or 2p;,,. In addi-
tion, among the known %+ levels, none were photoexcited
in the present experiment. In the following, we discuss
some levels in detail.

A. The 7070-keV and 8360-keV levels

These levels are reported to have one of the followin
J™ values: J™=3", 37, and = 1. The possibility of +
would imply pure E2 excitation and is very unlikely to
occur as shown below. The strongest compiled E2 transi-
tion?! is known to reach 100 W.u. However, such
strengths seem to decrease quickly with increasing transi-
tion energy. The strongest compiled ground state E2

TABLE 1IV. Calculated and measured ratios Ry of scattered
intensities from metallic 2*Na targets at T=300 K and T=78
K.

Ex R T RT
(keV) Measured Calc?
4432 0.70+0.07 0.68
5741 0.71+0.06 0.72
5766 0.76+0.08 0.79
6735 0.76+0.10 0.87
7070

+7082 0.93+0.12 0.84
7890 0.75+0.08 0.78
8360 0.86+0.09 0.82
8662 0.95+0.12 0.89

*This calculation was carried out for a 3.61 g/cm? metallic Na
target with a 7.46 g/cm® metallic Na absorber. The effective
temperatures used were 7,=304 K at T=300K and 7,=93 K
at T=78 K and were deduced using the Lamb formula with
6p=157 K.

strengths with E, > 7 MeV is around 1 W.u., while an as-
signment of J"=1" for the above two levels would re-
quire them to have a strength of 7.7 and 8.2 W.u., respec-
tively, and would exclude a % assignment. It should
also be added that a %+ assignment for the 7070-keV lev-
el may also be excluded because of Swann’s observation®
that the 7070-keV level decay via 8% branch to the 2394
kev, J ”=%+ level, implying an intense M3 transition
strength (10* W.u.) which is very unlikely to occur. Fur-
ther, a 3~ assignment for the 7070 keV level would also
be difficult to understand because if the E2/M 1 mixing
amplitude, §=1.6+0.3 (reported by Swann®) is correct, it
would imply a very strong E2 transition of 7.4 W.u.
From the above it would seem that the 8360 keV level is
very likely to be either %+ or %+ while the 7070 keV lev-
elis 2" with a small probability of being 3.

B. The unbound levels

Three unbound levels occur at 8826, 9213, and 9626
keV. The first level is unbound by 33 keV and hence can
not emit protons because of the Coulomb barrier. The
other two levels were not observed by the **Ne(p,y)**Na
reaction. However, it is important to note that the 9210
keV level reported in Refs. 17 and 23 and observed via the
(p,y) reaction should be different from that at 9213 keV
found in the present work. If one assumes that these two
levels are identical, then the measured quantities
I'y/T'=0.7% and (2J+1)I';T",/T'=0.11£0.3 eV report-
ed by Meyer,”® together with our measured value
gl{/T'=0.11+£0.04 eV, would imply Ty=16 eV,
I';=0.03 eV, and I'),=2240 eV and, hence, would be im-
possible to occur. Here, it was assumed that g=1, but
any other value would not change the above conclusion.

C. The M 1 transitions, T =+

As noted above, most of the photoexcited levels in 2*Na
are expected to decay to the + ground state of **Na
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TABLE V. Measured and predicted B(M11) values for the T= 5 levels in 2Na below 9 MeV. The
last two levels have T=-3. Asterisks indicate levels taken from Ref. 17 and not observed in the present

work.
Experiment Predicted (Ref. 24)
E; Jr B(M1t) E; JT B(M1t)
(keV) (13) (keV) ' (75))
440* 3t 0.616:+0.034 411 3+ 0.607
2391* 1+ 0.002:+0.0004 2323 i+ 0.059
2982 3+ 0.323+0.064 2747 3+ 0.461
3915 3+ 0.081+0.013° 3893 it 0.098
4432 3+t 0.931+0.093 4311 3t 1.143
5378 3t 0.340+£0.049 5246 3+ 0.253
5741 (35 0.532+0.036 5574 3t 0.425
5766 (3-3)* 0.34740.044 5745 3+ 0.280
6306* 3+t a 5975 1 0.006
6735 (3,5 0.184:+0.022 6493 i+ 0.326
6866* 3537 a 6747 A 0.007
6946* ($-3)* a 6831 i 0.007
7070 3,3+ 0.078+0.008" 6836 3+ 0.001
7122 0.019+0.007 6945 it 0.354
7134 3t 0.202+0.047 7906 3t 0.014
7448* 3+ a 7909 3+ 0.077
7566 0.15240.102 8087 3t 0.144
7720 147 a 8092 3+* 0.036
7992 0.012+0.005 8167 3t 0.012
8360 3,3+ 0.314+0.038 8254 1t 0.035
8469* 3,5+ a 8610 3t 0.082
8630 0.015+0.004 8945 3 0.006
8645 0.057+0.006
8721 0.019+0.002
8826 3+t 0.048+0.017
T=1) 4.308+0.186 X(T=7%) 4.433
7890 itr=3 0.377+0.038 7924 itr=3 0.325
8662 1tr=3 0.185+0.030 8915 1hr=3% 0.336

“In deducing the measured total M1 strength, the B(M11) value for this level was assumed to be
0.006 uj. With such a B(M11) value which corresponds to gI'3/T"=30 meV at 7.5 MeV, the level
could have been easily missed within the detection limit of the present work (see the text).

®The B(M11) value was extracted after correcting g for the effect of the E2/M 1 mixing amplitude

(Refs. 8 and 17).

via M 1 radiation. It is of interest to compare the findings
of the present work with the large-scale shell-model calcu-
lations of Wildenthal®>?* in the sd shell region. In those
calculations, one considers all the seven nucleons (three
neutrons and four protons) outside the '®0 core in a com-
plete basis space consisting of 1ds,,, 2s,,,, and 1d3,, or-
bits. The Hamiltonian, consisting of two-particle matrix
elements, was obtained by iteration to best fit 200 experi-

mental level energies in 4 =18—24 nuclei. The single-
particle energies were taken from 0. The wave func-
tions thus obtained were used to predict the energy levels,
particle-transfer strengths, electromagnetic moments, and
transition rates between various levels in *Na.

Table V gives a comparison between measured and
predicted values of the M1 strength. It is most convenient
to compare the values of B(M11) because it can be ex-
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pressed in terms of the measured quantity g
B(M11)=0.448¢T; /T, =85.3gT; /E} ,

where the Weisskopf unit Iy, is defined as I'y, =0.021E}.
In this manner, one avoids the knowledge of the level
spins. By definition we have also (2Jy,+1)B(M11)
=(2J;+1)B(M1)).

In comparing the predicted and measured results in
Table V, the M 1 contribution of all levels known to have
J™=1%, 2% and 27 are included, some of which were
taken from Ref. 17. It was assumed that all transitions
are of pure dipole character except for cases for which the
E2/M 1 mixing amplitude 8 is known.!” Furthermore, all
other levels that were photoexcited in the present work ex-
cept for the known odd-parity levels were assumed to be
excited by pure M1 radiation. In this comparison, we
focus our attention first to the 7= levels because most
of those levels were photoexcited in the present work. In
Table V, a detailed comparison is presented only for the
six lowest excited states with J"=+ ", =", and 5 . The
agreement with the predicted values of Wildenthal®* is re-
markable for both the level energies and for the B(M1+1)
values. For the higher-energy levels, it is impossible to
make any detailed comparison because the spins of only a
few levels are known with certainty and also because the
ordering of the levels is not expected to be correctly
predicted. Nevertheless, by combining the levels observed
in the present work together with other —;—+, %+, and 5 *
levels reported in Ref. 17, one obtains a total of 25 levels
below 9 MeV to be compared with 22 levels predicted by
Wildenthal.** This is also an interesting agreement in
view of the uncertainties involved in the J™ assignments of
the levels and in their energies.

Another interesting result which may be obtained from
Table V is the total M 1 strength for the T'= 5 levels: The
total measured B(M1t) below 9 MeV is 4.31 u3 to be
compared with a predicted value of 4.43 [.L(2). This is con-
sidered to be an excellent agreement in view of all uncer-
tainties involved. It should be pointed out that the
B(M11) strength of all other predicted T = % levels above
9 MeV (not given in Table V) is small, their combined
strength is <3% of the total M1 strength. Therefore,
practically, almost all relatively strong M1 states with

=+ were detected in the present work.

A few remarks should be added concerning Table V.
The actual experimental M1t strength could be larger
than the above value, because our estimate was based on
the assumption that T'y/T'=1 for some levels for which
no experimental data were available. Obviously, this as-
sumption underestimates the value of I'y and hence of
B(M11) because the scattering cross section is proportion-
al to gT'3/T". This low estimate was probably more than
compensated by the assumption that the levels of un-
known parity are deexcited to the ground state via pure
M1 radiation and that the E2 mixing amplitude was
neglected for all cases where no data were available.
Furthermore, because of counting rate and background
considerations, all levels above 6 MeV (denoted by an as-
terisk in Table V) with small I'y/T such that
gl3/T'<0.03 eV are expected to be missed within the
detection limit of the present experiment.

D. The M 1 transitions, =-;—

Most of the = levels lie above the particle emission
threshold and hence are unlikely to be excited using the
present technique. Onlz two levels at 7890 keV (J™=3")
and 8662 keV (J™=7 ") known!” to be =3 (Table III)
were photoexcited in the present work. The predicted ex-
citation energies and B(M11) values are compared to the
measured values in Table V. The total measured B(M11)
is smaller by 15% than the predicted values in Table V.
About 15 other T==2 levels up to 14 MeV excitation were
predicted®* (not listed in Table V) with a total B(M11)
strength of 1.85 u3. In the present work, only about 30%
of this M 1 strength is observed. The remaining 70% M 1
strength (T =) should reside in the higher excited levels
above the particle emission threshold.
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