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Photons, defined in energy to about 1%, with the aid of a bremsstrahlung monochromator, were scattered
by isolated energy levels in C, Mg, and Si. Parameters for the six observed levels are:

Isotope Energy T'e?/T To/T B(M1)/(eh/2M pc)?
(MeV) (eV)

Ccz 15.11 36 1 0.93
Mg 10.66=0.02 14 0.8 1.21
Siz8 11.4240.02 23 1 1.33
Siz8 12.334-0.03

Mg 9.924-0.03 3.0 0.5 0.49
Mg?26 10.074-0.05 4.2 >0.36

The 15.11-MeV level in C'2, the 9.92- and 10.66-MeV levels in Mg, and the 11.42-MeV level in Si?® are
T=1, T,=0 analogs of low-lying 14 states in the neighboring odd-odd nuclei. These levels exhaust most of
of the magnetic dipole transition strength of the respective nuclei, and therefore give information about the

expectation value of I's in the ground state.

I. INTRODUCTION

HE resolution of the University of Illinois brems-
strahlung monochromator? was exploited to
obtain new information about the large photon scat-
tering previously associated with C, Mg, and Si between
about 10 and 15.1 MeV. The discrete levels responsible
for the scattering in Mg and Si were identified un-
ambiguously. In addition, level widths were determined
more reliably, and -previously reported contradictory
conclusions about level parameters were explained. The
energy levels involved are of particular interest for two
reasons: They correspond to the “giant magnetic dipole
resonance,” and they are the isobaric analog states of
several low-lying states in the neighboring odd-odd
nuclei.

Resonance fluorescence - experiments involving iso-
lated energy levels can give information about both the
partial radiative width of the level to the ground state
T'o and the total level width T'. The possibility of doing
such experiments with v rays from a bremsstrahlung
continuum was suggested by Schiff,® who also stressed
some of the difficulties. After an intervening decade
(during which numerous experimental improvements
were made, particularly in Nal detectors and multi-
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channel analyzers), resonant scattering was reported?
from the 15.1-MeV level in C®2 Hayward and Fuller’
determined the widths of this level by analyzing their
scattering and resonant absorption measurements. Al-
though many subsequent fluorescence experiments were
performed with bremsstrahlung (on the 15.1-MeV
level,®=1° on Mg near 10.5 MeV,™ % and on Si near 11.4
MeV *:1012-14) "considerable uncertainty remained about
the widths. A preliminary experiment reported with the
bremsstrahlung monochromator’® made it clear that
the improved resolution reduced the ambiguities con-
siderably. Resonance fluorescence experiments have
also been performed on the 15.1-MeV level using a
Li(p,y) source of v rays.16.17

Precise resonance fluorescence experiments are par-
ticularly interesting because they both supplement and
are supplemented by inelastic-electron-scattering ex-
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163 GIANT MAGNETIC DIPOLE
periments.’®2 Inelastic-electron-scattering experiments
should determine I'y quite well, once the validity of the
approximations used in the analysis are established.
Resonance fluorescence experiments, on the other hand,
can determine I'¢?/T' quite precisely, and T'¢/T' with
more difficulty. Values of Ty reported from inelastic-
electron-scattering measurements had appeared dis-
quietingly low compared to what had been interpreted
as reliable values from resonance fluorescence experi-
ments. The values obtained in this improved resonance
fluorescence experiment are in excellent agreement with
the electron-inelastic-scattering results,*=% and thereby
give strong support to the analysis procedures used to
interpret those results.

II. THE RELATION BETWEEN LEVEL PARAM-
ETERS AND FLUORESCENCE
MEASUREMENTS

The energy dependence of the photon excitation of a
discrete quantum state is well known,?—27 but will be
summarized below to. define terms and to indicate
exactly how the level parameters were obtained from
the data. It will be shown that despite a complicated
dependence of the cross section on the laboratory energy
of the vy ray, the energy integrated scattering due to
one level defines I'¢?/T" for that level. If the scattering
sample is not infinitely thin, an auxiliary absorption
measurement is needed to correct for self-absorption.
The auxiliary absorption measurement can also be used
to obtain a value of I'¢/T' but most measurements yield
only approximate values. For the low-Z nuclei of
interest in this paper, the atomic absorption can be
treated as a small correction. This simplifies the analysis
considerably because the convenient curves available
for analyzing neutron resonances can be used directly.
This approximation also makes it possible to show
graphically (in Figs. 1 and 2 below) the precision
attainable from fluorescence measurements.

A. Thin Samples; Negligible Self-Absorption

In the center-of-mass coordinate system, the ab-
sorption cross section o, for a vy ray of energy E’ by a
nucleus with a level resonant at Ez’ is particularly
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simple:
1
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The peak cross section o4 is very large for photon
energies near 10 MeV:

2I41\T
21r7\2< >-—
2I,4+1/T

0'00 =

(2a)

21

. ro> 10 MeV)2 ) -
- <1‘ ( Ex/ <3(21,+1) '

I, is the spin of the final (excited) state, I, is the
ground-state spin, and the bracketed spin factor in
Eq. (2b) reduces to unity of a 0+ target is excited by
dipole radiation.

One important difference between the laboratory and
center-of-mass system is due to the recoil energy of a
nucleus AE; if the absorbing nucleus were stationary,
the resonant v ray energy in the laboratory Er would
be greater than Eg’ by AE:

(hk)? 24\ / Er \®
AE=Eg—Eg'=——=224keV(— ) ——) ,
24M A/\10 Mev

3)

where 4 is the mass number and M the nucleon mass.
Because the energy shift due to recoil is considerably
larger than the level widths discussed below, nuclear
absorption is negligible for y rays which have been
resonantly scattered by nuclei.

The dependence of the cross section on the energy in
the laboratory is complicated considerably by the
thermal motion of the absorbing nuclei. It is usually
assumed that these nuclei have a Maxwellian velocity
distribution corresponding to-a gas with an effective
absolute temperature 7. The normalized probability
W(E,E’) that a v ray with laboratory energy E has a
center-of-mass energy E' can be expressed in terms of
the recoil energy AE and a Doppler width A:

E2RT\12 E 24\ 12
2 )
c\AM. 10 MeV/ \ 4
T\ 12
x(——) ()
3

1
W(E,E)= o exp[— (E—AE—E'/A"]. ®)

(In a solid, the effective temperature T is equal to or
greater than the actual temperature depending on the
Debye temperature.?~ For temperatures much above

28 W. E. Lamb, Jr., Phys. Rev. 55, 190 (1938).
» J. Rainwater, in Encyclopedia of Physics, edited by S. Fliigge
(Springer-Verlag, Berlin, 1957), Vol. 40.
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the Debye temperature, the effective temperature is
essentially equal to the actual temperature; for very
low temperatures, the effective temperature falls to the
Debye temperature.)

The absorption cross section in terms of laboratory
energy E can be obtained by substituting Eq. (5) in
Eq. (1):

1 ©  exp[— (E—AE—E')?/ A
oo(E)=0," / dE" ] (6a)
An2 [, 1492
r e
~ 0.
=7 2A7Y2 _/_ - dy
exp[— (E—AE—E')?/A?]
X . (6b)
1492

Equation (6) is usually expressed, in abbreviated nota-
tion in terms of a tabulated function ¢ (x,?):

Oa (E) = o'a%(x:f) , (73-)
where
x=2(E—Epg)/T (7b)
and
1= (A/T). (7c)

The scattering cross section ¢,(E) is simply the
product of the absorption cross section and the branch-
ing ratio T'y/T:

ou(E)=(To/T)oa(E). ®

The scattering observed in a poor resolution experiment
is affected by the complicated energy dependence [of
Eq. (6)] only because of self-absorption in the scat-
terer. If a very thin sample were used, the scattering
would be simply proportional to the energy integrated
scattering cross section I,, independent of A or A/T':

™

™ ro
I,= / 0:(E)dE=-Tg¢l—=—¢T, (9a)
2 T 2

=1.15 MeV mb

T/T /10 MeV\? / 20+1
) ( ) (9b)
10eV\ Er / \3Q21,+1)

Equation (9b) indicates explicitly that the scattering
observed from a thin sample could determine I'¢?/T.
The next section will show how an auxiliary resonant
absorption experiment can determine the self-absorp-
tion correction, and thereby make it possible to deter-
mine I, or I'¢?/T" with good precision.

B. Self-Absorption Corrections in Thicker Samples

Nuclear resonant absorption occurs only in the
incident beam, and is essentially always caused by only
the isotope responsible for the scattering. Atomic
absorption, on the other hand, is caused by all of the
isotopes and occurs in both the incident and. scattered
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beam. Fortunately, the corrections due to atomic
scattering were small, and could be calculated to
sufficient accuracy despite simplifying approximations,
The remainder of this section will deal with only the
effects of, and corrections for, the resonant nuclear
scattering.

It is convenient to define a self-absorption correction
factor 8, which is the ratio of the actual number of
scattering events to the number expected if there were
negligible attenuation of the incident beam. This
complicated factor § can be expressed in terms of the
cross section and 91, the number of atoms per unit area
perpendicular to the incident beam:

1—exp[— 9o, (£)]
Noo(E)

8I,= / dEa,,(E){ (10)

Although 8 depends on the resonance energy, the spins
To/T and A/T, as well as on 9, it will be adequate to
show only the dependence on 3 explicitly.

The counting rate observed from a scatterer, of
thickness 91,, when no absorber is in the beam Cy4
can be written as

Cxa=FI,8(N,)1,, (11)

where the constant F includes detection efficiency and
normalization to unit incident flux. Thus, a scattering
measurement with a single scattering sample determines
the product of two unknown factors §(3,) and I..
8(9,) is plotted as a function of o, in Fig. 1, with
A/T as a parameter, The values for Fig. 1 were obtained
from the graphs®% used to interpret slow neutron
resonance experiments. (In terms of 4, the usual area
parameter,® § can be written simply as, 8§=[2/r]
X[A4/MeoI'].) Equation (2b) makes it clear that even
if the spins, energy, and responsible isotope are known,
the value of abscissa, 9,00 is proportional to the
unknown fraction T'o/T.

8(9) can be found by using Fig. 1 to interpret mea-
surements made with scattering samples of different
thickness. A more precise way of finding $(37) involves
the use of an absorber of thickness 91, in “good ge-
ometry.” Because all the detected interactions originate
in the scatterer, they can be expressed as the difference
between all of the interactions and those occurring in
the absorber. The observed scattering with this ab-
sorber in place Cy is

Ca=FIL[ (9+3a)$(O:+0) — Na8(Ia)]. (12)

The value of $(91,) can be determined by measuring
the ratio R:

R=(Cya—C4)/Cra. (13)

% We are indebted to the neutron physics group at Brookhaven
National Laboratory, who made large copies of, these graphs
available. These graphs are reproduced in Ref. 29.




163 GIANT MAGNETIC DIPOLE

STATES IN

12c’ “Mg, 28G 3

F1G6. 1. The self-absorption correc-
tion factor 8. The correction factor §
of Eq. (10) is shown as a function of 3
No L [see Eq. (2)] for different values
of A/T. Larger values of A/T imply 6F
broader resonances which result in less
self-absorption so that the correction
factor is closer to 1.

T T T T T T

From Egs. (11) and (12), R can be written as
R oS (M) +Ia8 (M) — (Tt 9s) S (Mat-IT)
- 9MN,8(9T,) '

(14)

For our measurements we chose to use 9,=9;=9, in
which case R reduces to

2[$(90)— $(290) ]
$(3) '

R(ma=ms)= (15)

Figure 2 shows 8(91) as a function of R(9,=9,) for
various values of A/T. Figure 2 makes it clear that a
determination of the ratio R tends to determine the
self-absorption correction 8§ within small limits even if
A/T is quite uncertain.

The obvious correction for atomic absorption in the
absorber was an adequate correction for all of the atomic
absorption effects. Inasmuch as the atomic and nuclear
absorption are separable in the absorber, the measured
value Ca measured, Can be corrected to what it would
have been if there were no atomic absorption in the
absorber:

C4=Ca measured €xp (matomico'atomic) . (16)
The use of Eq. (16) to define C4 for Eq. (13) corrected
for atomic absorption to better than 0.5%,.

C. Final Determination of Level Parameters

The measurements of the scattering, Cy4, and the
resonant absorption reduction factor R contain some
information about I'o/T' and A/T as well as the more
precise information about I'¢*/T' discussed in the pre-
ceding paragraphs. An indication of the limits imposed

by the absorption factor R can be seen in Fig. 3, which
shows the value of 9,0, implied by different values of
R with A/T as a parameter. The family of curves in

° R T :
R(%.= %)

F16. 2. The relation between the correction factor § and the
observed resonant absorption R. The curves are drawn for various
values of A/T, but all correspond to equal thicknesses of absorber
and scatterer, as in Eq. (15). They show that a measurement of R
[in Eq. (15)] can be used to determine §(9) rather precisely even
if A/T is uncertain.
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F16. 3. The relationship between R(,=9,) and o, for
different values of A/I'. An absorption measurement which deter-
mines R defines a horizontal band; the band corresponding to the
10.66-MeV level in Mg? is shown in the figure as an illustration.
This type of measurement alone can set only a lower limit on
T'o/T. The value I'o/T=1 substituted into Eq. (2) defines the
upper limit of Mo,® if the sample thickness and level spins are
known. The vertical line shown on the figure is the maximum
value appropriate to the 10.66 MeV level in Mg with the sample
thickness used, assuming I;=1.

Fig. 3 is valid for equal absorber and scatterer (i.e.,
MN.=9,); the illustrative restrictions imposed by a
measured ratio are shown for Mg*. For the strong
levels we studied, the condition (I'o/T)<1 set an
important upper limit on 9.0,

The complete determination of the level parameters
involves combining the scattering and absorption data
on a Nol-versus-A/T' plane as is done in Fig. 4. The
scattering data select the region S whose general
appearance can be understood easily. The parameter
combination I'¢*/T' determined by the scattering could

12 T T T T

sl REGION § A

= REGION A

K 60 e ]

2 REGION S —

% i 2 5 4 5
a/r

F16. 4. The determination of T and T' using scattering and
absorption data for the 10.66-MeV level in Mg*. The shaded area
defined by the dashed curves indicates the values of Jo,? and A/T
which are consistent with the elastic scattering caused by the
10.66-MeV level in Mg?. (The center curve is the best experi-
mental value while the other two curves represent the estimated
experimental error.) The solid curves indicate the locus of values
consistent with the absorption measurement. The horizontal line,
labeled o ®max corresponds to I'o/T'=1. The blackened area
represents the region simultaneously consistent with both the
scattering and the absorption measurements.
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be explained by a variety of values, I'y, T'o/T', and A/T,.
If T'y were much larger than I'¢?/T, T'/T, would have to
be much larger than 1 so that A/T" would be small. On
the other hand, if T'y=I=T¢/T, both I, and I would
have a minimum value while A/I" would have a corre-
sponding maximum. The region 4 selected by the
absorption data has a more complicated dependence
on I'y/T and A/T, as implied by Fig. 3. The condition
T'o/T<1 corresponds to defining maximum values of
Io," which depend on the multipolarity because of the
spin factor in Eq. (2).

Figure 4 illustrates, in part, the difficulty usually
associated with determining I'y or I'o/T" with precision.
Most of the parameters reported in this paper are
relatively precise because the levels are so strong that
the observed absorption places a lower limit on I'y/T
independent of the exact energy dependence of the
cross section (i.e., independent of A/T). If A/T is either
much less than 1 (which is extremely rare for levels
which cannot emit nucleons) or much greater than 1
(which is the usual case), an absorption measurement
can determine I'o/T' or T'o/A, respectively. However,
for intermediate values of A/T, the absorption is rela-
tively insensitive to I'g/T or I'y/A. Previous experiments
have attempted to overcome this difficulty’" by using
several absorbers, including some that are quite thick.
However, this type of experiment requires very high
precision and is doomed to failure if there are some weak
levels unresolved from the strong one of interest. An-
other approach has been to obtain approximate level
parameters with the aid of astute, but generally un-
justifiable assumptions!®'®; the resulting parameters
have been widely misinterpreted as having higher
reliability than the original authors would have claimed.

III. EXPERIMENTAL TECHNIQUES
AND RESULTS

A. The Bremsstrahlung Monochromator

The equipment used was essentially the same as that
described earlier.l? An electron beam of energy Eg was
bent by a magnet D and was refocused on a thin
bremsstrahlung converter which was in the source
position of a spectrometer magnet, S. The dispersion
of the incident electron beam was about 0.25%/cm,
while the dispersion of the spectrometer was about
19,/cm. Less than 0.19, of the electrons of energy Eg
formed a gamma ray with £,2>0.001 Eg. The formation
of a v ray of particular energy, E,, was announced by
the detection of the corresponding electron of energy,
E,, in the focal plane of the spectrometer such that
E,=Ez;—E,.

v rays scattered at 135° were detected by a 5-in.-
diameter by 4-in. thick Nal detector. A scattered v ray
could be associated with an incident vy ray of known
energy, E, (i.e., with a “tagged” v ray), by requiring a
coincidence (about 10 nsec) between an electron of
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energy E, and the scattered v ray. In order to avoid
chance coincidences, the beam intensity was kept low
enough so that the detected electrons were about 2 usec
apart; with the 49, duty cycle this corresponded to
about 1.4X10* “monochromatic” v rays per second.
Three identical plastic scintillators were used to detect
the electrons so that this v ray flux was available at
three neighboring energies simultaneously.

The energy resolution of the incident vy-ray beam
depended on Ej, E,, the beam size, and the size of the
plastic scintillators. When good resolution was im-
portant, as in the energy determination, 1.4-cm wide
scintillators were used, whereas 1.95 cm scintillators
were used in the resonant absorption measurements.
For the energy measurements, the full width at half-
maximum was about 100 keV, so that the 20 keV
precision that was obtained was limited by statistical
and calibration errors rather than by resolution. For
the absorption measurements the critical experimental
quantity is the fractional number of v rays per unit
energy interval at the nominal energy E,. This can be
expressed conveniently by specifying the full width of
the rectangular distribution that would give the same
fractional number per unit energy. This full width was
about 140 keV, which implies that there was 0.1y/
sec/eV when there were 1.4X10* tagged v rays/sec.

The pulse heights of the scattered vy rays were dis-
played using a 100 channel analyzer, subdivided into
four groups of 25. Three of the groups were used for the
three different incident v-ray energies while the fourth
group of 25 channels was used to record chance co-
incidences. A typical spectrum of the scattered v rays
is shown in Fig. 5, which also shows the very low value
of the chance coincidences. The energy resolution of the
y-ray detection system was very poor, with the result
that inelastic scattering to the first excited state of Mg
or Si would not have been resolved from the elastic
scattering,.

B. Level Survey and Energies

The energy region explored carefully in the natural
Mg target is shown in Fig. 6. Levels which are so strong
that they must be in Mg* are obvious at 9.924-0.03
MeV and 10.66=0.02 MeV. An indication of the sensi-
tivity of the technique can be obtained by noting the
shoulder on the high-energy side of the 9.92-MeV line.
Later absorption measurements made it clear that there
was a level at about 10.07+£0.05 MeV which we
attribute to Mg?; a level in Mg with an integrated
cross section of about 0.07 MeV mb would have pro-
duced a similarly suspicious, but inconclusive, peak.

Although the variation of monochromator resolution
with energy is not known precisely, it is known well
enough to guarantee that the 9.92-MeV line does not
have a strong satellite® lower in energy by about 120
keV. If such a level exists in Mg*, its integrated scat-
tering cross section must be less than about 0.07 MeV
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Fi1G. 5. Pulse-height distribution of the scattered v rays with a
Mg sample. The data represented by the crosses correspond to
the v rays detected in coincidence with electrons that defined the
10.66-MeV incident photon beam. The number of counts in
channels 83-92 in about 16 h were 1392, of which 152 were chance
coincidences. The chance coincidences were determined relatively
precisely by detecting all of the scattered v rays (without re-
quiring coincidence with electrons). This spectrum normalized
is shown by the squares; except for a small correction, these
squares represent the chance coincidence background.

mb. The 9.92-MeV line has a full width at half-maxi-
mum of 123415 keV, whereas our best estimate of the
expected resolution is 112 keV.
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Fi1G. 6. Quasielastic y-ray scattering observed with a Mg target.
The scattering is called quasielastic because it includes any high-
energy <y rays from inelastic scattering to low-lying levels.
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F1c. 7. Quasielastic y-ray scattering observed with a Si target.

In the smaller energy interval covered with the Si
target shown in Fig. 7, only the 11.424-0.02-MeV level
could be seen. Levels in Si*® with integrated scattering
cross sections of 0.1 MeV mb would have been seen
away from the 11.42-MeV peak. The Si sample was also
used to check quickly on a level reported® at 12.326
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MeV. Using our calibration and a run of only 3 h we
determined its energy as 12.334-0.03 MeV. (A crude
estimate of the strength of this level gave Ig=0.28
#+0.10 MeV mb which is in reasonable agreement with
the value of 0.23 MeV mb calculated from the param-
eters measured by Smith and Endt.?!)

C. Scattering and Resonant Absorption Measurements

For each level, two additional measurements were
made. First, the scattering was measured using a
4 in. X6 in. sample parallel to the Nal detector. The
detector subtended an angle of about 0.3 sr at the center
of the sample. In addition, a second identical sample
(making the same angle with the beam) was inserted
in the beam as an absorber, and the resonant scattering
from the original sample was measured. Typical
counting rates, errors, and the inferred parameters are
summarized in Table L

The first line in Table I gives the isotope to which
the observed level was assigned. These isotopic assign-
ments were unambiguous for the first four levels because
the strong absorption guaranteed that only the most
abundant isotope could be responsible. On the other
hand, the 10.07-MeV level was tentatively assigned to
Mg? because a similar v ray had been observed fol-
lowing thermal neutron capture by Mg?; this assign-
ment is strongly supported by the observation of this
level in the course of inelastic electron-scattering mea-

TasLE I. Scattering and resonant absorption results.

Responsible isotope Cr Siz8 Mg Mg2 Mg26
Level energy (MeV) 15.11 11.42 10.66 9.92 10.07
Error (MeV) stnd. 0.02 0.02 0.03 0.05

Thickness normal to beam (atoms/barn) 0.103 0.061 0.065 0.133 0.019

Scattering measurements (no absorber)

Beam time (hours) 8 12 16 33 33
Cyna [(scattered v)/sr (incident v) eV] 10.18 6.37 5.062 2.783 0.64
Error [ (scattered v)/sr (incident v) €V] 0.29 0.19 0.16 0.10 0.09
8Is (MeV mb) 1.13 1.23 0.92 0.26 0.45
Percent error 6.0% 9.3% 9.3% 9.7% 14.3%

Scattering observed with absorber
Beam time (hours) 14 26 28 77 77
CA meas [ (scattered v)/sr (incident v) eV] 4.87 2.87 2.24# 1.07# 0.52
Error [ (scattered v)/sr (incident v) eV] 0.16 0.09 0.08 0.05 0.04
R 0.503 0.517 0.520 0.545 0.090
Error 0.022 0.023 0.025 0.033 0.005
A (eV) 40 17.5 16.5 15.5 16.0

Derived parameters
8 0.63 0.61 0.60 0.60 0.94
Errorin § 0.04 0.05 0.06 0.07 0.04
Is (MeV mb) 1.80 2.02 1.38> 0.35> 0.48
I'e?/T (eV) 35.7 22.9 13.6> 3.0» 4.2
To/T" 1.0 1.0 0.8 0.54
Error in I'¢/T —0.2 —0.2 0.1 0.20
To (eV) 37.2¢ 22.9 17.0 5.6

= Includes inelastic scattering to first excited state.
b Assumes 10% of observed 10.66-MeV counts and 25%, of observed 9.92-MeV counts due to inelastic scattering.

o Uses I'o/I' =0.96 from Ref. 32 together with the assumption that @ decay and emission of lower energy vy rays are negligible.

3 P. B. Smith and P. M. Endt, Phys. Rev. 110, 397 (1958).
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surements®? from separated Mg?. The thickness of
the scattering sample and the absorber perpendicular
to the beam is given in atoms of the relvent isotope per
barn. For the dominant isotopes, the sample thick-
nesses were of the order of 0.1 atom/b, which implies
significant selfabsorption in the scatterer for peak
cross sections of the order of 50 b, as might be inferred
from Eq. (2).

The observed scattering, with and without an ab-
sorber, are normalized in Table I so that Cy,4 and
CA measured are approximately equal to the number of
scattered vy rays per sr at 135° when one vy ray is
incident in each 1-eV energy region. To emphasize the
convenience of this normalization, consider the entry
5.06 for the 10.66-MeV level in Mg?%, This means that
the number of v rays scattered into a steradian at 135°
for this target is equal to the number of v rays incident
in a 5.06 eV energy bin. For our experiment, the flux
incident on the sample was about 150 y’s per eV per
hour, so that 2400 v/eV are incident in 16 h. The entry
5.06 for Mg? implies that 12 144 v’s would be scattered
into a sr at 135°. Since the product of the solid angle
and the detection efficiency was about 0.1, about 1200
scattered v rays were detected.

The errors given for Cy 4 and Ca measured are statistical
errors only. Although the errors inherent in the nor-
malization are larger, the smaller statistical errors are
quoted to emphasize that these errors alone affect the
relative values. (The higher precision of relative values
applies to the measurements with and without absorber
and to measurements made on different levels.) Larger
errors are introduced into absolute values due to un-
certainties in absolute detection efficiency and ge-

1,000 T T T T 1000
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ometry. These larger errors are reflected in Table I in
the values quoted for the integrated cross section 8Ig
(uncorrected for nuclear self-absorption).

The entry listed as 8/¢ in Table I is 11.2 times the
apparent energy integrated cross section at 135°
(differential in angle). The factor $ is a reminder that
no correction has been made for nuclear resonance
absorption. The values given are only slightly greater
than 11.2 times Cyy4 divided by the sample thickness;
the discrepancy represents an approximate correction
for atomic absorption.

The only significant source of error in 8Is which is
not included in the estimates given in Table I is that
associated with the possible contribution of inelastic
scattering to the detected scattered radiation that was
interpreted as elastic for the entries in the upper portion
of Table I. An estimate of the possible inelastic scat-
tering was made by comparing the spectrum of the
scattered vy rays with the spectrum associated with a
monoenergetic incident y ray. This comparison is shown
in Figs. 8(a), 8(b), and 8(c) for the levels in Si?® and
Mg®. Figure 8(a) shows that the scattered y-ray points
agree well with the curve which is the shape measured
for 11.42-MeV incident v rays. On the other hand, the
solid curves in Figs. 8(b) and 8(c) do not fit the data
as well. In these cases, the dashed curves (which include
contributions from inelastic scattering to the first
excited state) fit the scattering data better. In deriving
the level parameters, it was assumed that the observed
135° scattering had 109, and 259, inelastic contri-
butions for the 10.66- and 9.92-MeV levels, respectively.

The resonance absorption counting rates Ca measured,
given in Table I, have not been corrected for atomic
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F16. 8. Comparison of the pulse-height distribution of the scattered v rays with the detector response for monoenergetic incident
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curve is 759, elastic.
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absorption; these are experimental values expected if
the absorber consists of the mixture of isotopes found
naturally on earth. The ratio R in Table I was calcu-
lated after the correction of Eq. (16) was applied. The
error in R is entirely statistical ; systematic errors would
not affect R significantly.

The remaining parameters given in Table I are
derived from the measurements described. No attempt
is made to include the errors for the final quantities
because the errors to be assigned are ambiguous. A
reasonable estimate of the errors in the absolute values
of T'¢?/I" is probably only slightly greater than the
percentage error listed for 875. A reasonable estimate
for the relative errors in ratios of values of I'¢*/T' for
different levels can be obtained by combining the errors
cited for the corresponding 8 values. The errors quoted
in the table for I'y/T" are those which came from the
measurements reported in this paper. However, as was
mentioned earlier, these experiments are not particu-
larly well suited to the determination of T'y/T". It would
be much more satisfactory to obtain I'¢/T' from an
independent measurement such as is available®® for
the 15.1-MeV level in C®. Once the interpretation of
inelastic electron scattering is established to be reliable,
T'o/T may be inferred most conveniently by combining
the value of I'¢®/T from elastic photon scattering with
the value of Ty inferred from inelastic electron
scattering.

IV. DISCUSSION AND CONCLUSIONS

A. Comparison with Earlier Resonance
Fluorescence Experiments

The results reported in this paper, obtained with
better energy resolution than previously available, make
it possible to reconcile the largest discrepancies in
related, previously published results.”™" The data in
Figs. 6-7 (together with unpublished data® showing a
weaker level in Si somewhat below 11 MeV) make it
clear that the previous resonant fluorescent experiments
were mainly sensitive to the levels we report. The dis-
crepancies between the energies we report for Mg and
Si and those previously reported are not much outside
of the experimental errors quoted by earlier investi-
gators and might well be due to either the presence of
several levels or reasonable calibration errors.

The discrepancies between the level parameters
previously reported can also be understood to a large
extent with the aid of the summary given in Table II.

32 E, Almqvist, D. A. Bromley, A. J. Ferguson, H. E. Gove, and
A. E. Litherland, Phys. Rev. 114, 1040 (1959); D. E. Alburger
and R. E. Pixley, bid. 119, 1970 (1960).

3 Experiments using emulsions are quite sensitive to the three-o
breakup of C%2, and a peaked contribution of 0.04 MeV mb would
have been noticed. See, for example, M. E. Toms, Nucl. Phys. 50,
561 (1964). This implies that the alpha decay branch is less than
2%, A limit of 209, was set. by G. L. Miller, R. E. Pixley, and
R. E. Segel, Proc. Roy. Soc. (London) A259, 275 (19€0).

# D. Drake, D. C. Sutton, and P. A. Tipler (private communi-
cation).
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In the case of C*, the discrepancies are relatively small.
The measured integrated scattering cross sections are
essentially within experimental error. (Note that we
quote the value of 2.1140.31 MeV mb obtained from
the scattering measurement in Ref. 6 rather than the
value 2.334-0.19 MeV mb, which includes the results of
absorption measurements. Poor resolution absorption
measurements seem to give too little absorption, as
might be expected if there is some contribution from
weaker, non-self-absorbing, levels; this smaller ab-
sorption, if interpreted in terms of a single level,
implies a smaller value of I'y/T".) The main differences
in the level parameters come from differences in the
values inferred for I'¢/T. However, the only way in
which T'¢/T' can be measured precisely using only
resonant absorption is with the aid of quite thick
absorbers which accentuate any weaker levels that are
present. With the absorber thickness we used, the
inferred value of I'/T" was 1.0, but any value of T'¢/T
greater than 0.80 would have been consistent. To
obtain level parameters, we used the value I'(/T'=0.96
obtained from published experiments® which were
sensitive to the 15.1- to 4.43-MeV cascade v ray in C2,
This value of I'o/T' assumes that the a-decay branch of
the 15.1-MeV level is negligible; experiments sensitive
to the a branch® indicate that it is less than 29, of the
integrated scattering cross section. Our results are in
good agreement with the more recent measurement
made with Li’(p,y) photons.”

The larger discrepancies between the reported level
parameters for Mg and Si in Table II can also be under-
stood to a large extent. First, it should be noted that
there is not much disagreement between the measured
values of the scattering cross section. (The discrepancies
between these measurements might be due partly to the
simultaneous sensitivity of the poor resolution experi-
ments to severa] levels and partly to the lower priority
previously given to the precise scattering measurement.)
In addition, it should be noted that the extreme values
of the level parameters given were caused more by
different interpretation than by different measured
values. In order to emphasize this, Table II presents
the measured ratios of counts with and without different
thicknesses of absorber. For comparison, the table also
indicates the ratio expected on the basis of our level
parameters, if only the strongest level were contributing.
Table II illustrates clearly that the transmitted beam
was always measured to be more intense than would be
consistent with absorption by the single strong level;
furthermore, the discrepancy is generally worse for a
thicker absorber, as would be expected if scattering
from weaker levels were playing a role. The main dis-
agreement about level parameters was due to inter-
pretation. In some cases'>* only one absorption mea-
surement was made (i.e., no absolute scattering
measurement was made), and the analysis assumed
T'o/T'=1. In these cases, the small values of I'y listed in
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TaBiE II. Comparison of resonance fluorescence results.
ce
References (a) (b) () d) (e) ®)
To (eV) 37+5 5449 59410 54-+68 40-+5 50471
T (eV) 39+5 79+16 6410 60+8¢ 45410
JSosdE MeV mb 1.80+0.20 1.904-0.27 2.11+0.31 2.454-0.5¢ 1.824+0.12
Mgt
References (a) @) ()] G) (k)
To (eV) 1744 137+40 48416  3.8+12
T (eV) 2144 9804280 1 1
JSosdE MeV mb 1.4+4+0.2 2.040.4 3.5+0.6 m m
Ca/Cna 0.83 0.71 0.54 048 0.77 0.71
C4/Cn 4 predicted with our parameters 0.79 0.57 041 0.32 0.66 0.57
Si28
References (a) (@) @) (k)
T'o (eV) 23+4 114430 2.9+4+1.0 8.342.5
T (eV) 2344 370+110 1 1
SosdE MeV mb 2.040.3 6.2+-1.0 m m
Ca/Cna 0.66 0.51 0.29 0.86 0.63
C4/Cy 4 predicted with our parameters 0.55 _0.38 0.23 0.60 0.53

a This experiment, assuming only strongest level contributes.
b Reference 5.

° Reference 6.

d Reference 9.

e Reference 17.

t Reference 16.

& Agreement with Refs. 5 and 6 was cited as a partial confirmation of calibration procedures. . - . X
b The quoted etrror assumes that four possible sources of 5% systematic errors would combine incoherently with the 5%, statistical counting error. It is

not clear that an error of 25% would contradict the reported results.

i Reference 8,

i Reference 12,

k Reference 13.

1T =T was assumed.

m No measurement was made of absolute scattering.

Table II were inferred from the apparent small ab-
sorption. As Fig. 1 indicates, one would infer too large
a value of A/T from too small an absorption (i.e., too
small a slope in Fig. 1). On the other hand, Bussiere
de Nercy® inferred particularly large level widths by
combining measurements of angular distribution and
scattered y-ray line shape with absorption and absolute
scattering measurements. In this case, the assumption
that only a single level contributed led to unrealistically
small values of I'o/T', which in turn would imply large
values of both I'g and T

B. The Level Parameters and Their Implications
The 15.1-MeV Level in C*2

This well-studied level is the only one for which
photon scattering measurements completely determine
the parity as well as the spin; the angular distribution?
of the scattered photons and the difference in azimuthal
scattering caused by polarized photons® identify this
magnetic dipole excitation. Our value of I'y=37+S5 eV
is in reasonable agreement with the values inferred from
inelastic electron scattering: 4147 eV, 394-4 eV,% and
34.44-3.4 eV.2 It also is quite close to the value of 32

(1;55 {5) E. Leiss and J. M. Wyckoff, Bull. Am. Phys. Soc. 1, 21
5 Jamnik and P. Axel, Phys. Rev. 117, 194 (1960).

eV predicted”” by intermediate coupling fits to other
data in the p shell.

The relatively large value of the magnetic dipole
transition probability is interesting because it indicates
that the 15.1-MeV level contains a large fraction of the
strength of the “giant magnetic dipole resonance’’® of
C®, If this strength is expressed in terms of the reduced
transition probability [6(M1)= (10 MeV/E)? (T'v/11.6
eV], 5(M1)=0.928 for I',=237 eV [see Eq. (19) below].
It should be emphasized that so large a value of &
implies the cooperative behavior of several nucleons.®
In this case, the usual ‘“single-particle unit” b.(M1)
=1.79 might be misleading because it overestimates
the transition probability associated with most single
particle orbits.

The value of T'y for this level is especially important
because it plays a role in the test of the conserved vector
current theory of 8 decay® which involves the shape-
dependent factors in the 8 spectra of B and N2 The
value of A-+484=(1.10£0.17)9, per MeV used to
compare the experiment was based® on I'y=50 eV; if
Ty is taken as 37 eV, A+84 becomes (0.91+0.17)%,
per MeV while the experimental values are (1.30

37 S. Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).
38 D, Kurath, Phys. Rev. 130, 1525 (1963).
# M. Gell-Mann, Phys. Rev. 111, 362 (1958).
(14906’%‘)' Mayer-Kuckuk and F. C. Michel, Phys. Rev. 127, 545
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+0.31),% (1.6220.28),2 and (1.1940.24), later re-
vised to (1.07240.24).8

The 9.92 and 10.66 MeV Levels in Mg*

The dipole character of the photon transition of the
stronger 10.66-MeV level follows from the angular
distribution® while its assignment as magnetic dipole
depends on electron scattering.-# The magnetic dipole
character of the 9.92-MeV level can be based on either
the high-resolution electron scattering® or on analog-
state systematics as will be discussed below. The width
of 17 €V quoted in Table I should have an error of
about +2.5 eV assigned to it if I'y/T=0.8; the good-
resolution electron-scattering result® is I'y=22.242.4
eV. (The earlier poorer-resolution result was 21 eV,*
but was recalculated to be 34 eV using a different
transition radius.?) The results almost overlap, and
they would agree completely if I'o/T" were as low as 0.61.
For the 9.92-MeV level, our value of I'y=>5.6 eV would
have about a 1-eV error if I'y/T" were 0.54. If I'o/T" were
taken as 0.38, which is within the limit of our error,
our value of I'y would become 7.9 €V compared with the
value of 7.95£1.2 eV assigned to an unresolved doublet
at 9.85 and 9.97 MeV from electron scattering.?® Our
values for the 9.92- and 10.66-MeV levels correspond to
b(M1) values of 0.49 and 1.21, respectively.

There are other nuclear reactions which probably
give information about the 10.66- and 9.92-MeV levels
we observe. Levels in Mg? have been reported* at
10.664-0.02 MeV and 9.960+£0.015 MeV on the basis
of the Na®(He3,d) reaction. As will be discussed below,
the levels we see are probably intimately related to low
lying levels in Na2* which are well represented by Na*
plus one nucleon, and hence should be strongly excited
in an Na®(He,d) reaction. What appears to be these
same levels have been fit into decay schemes®*¢ derived
from the vy-ray cascade following proton capture by
Na®, (These decay schemes show an inconsistently
small y-ray branch from the 10.66 level to the ground
state, but it is possible that vy rays from stronger
branches of the cascade obscured the 10.66-MeV v rays
which dominate the decay of the level we observed.)

The 10.07-MeV Level in Mg

Our original assignment of the 10.07-MeV level to
Mg26 was based on the occurrence of a 10.08-MeV v ray,
assigned®” to Mg?, in the capture of neutrons by Mg.

4N, W. Glass and R. W. Peterson, Phys. Rev. 130, 299 (1963).

2Y, K. Lee, L. W. Mo, and C. S. Wu, Phys. Rev. Letters 10,
253 (1963).

4 C. S. Wu, Rev. Mod. Phys. 36, 618 (1964).

4§, Hinds and R. Middleton, Proc. Phys. Soc. (London) 76,
553 (1960).

4 P, M. Endt and C. Van der Leun, Nucl. Phys. 34, 1 (1962).

46 P, W. M. Glaudemans and P. M. Endt, Nucl. Phys. 42, 367
(1963).

1P, J. Campion and G. A. Bartholomew, Can. J. Phys. 35,
1361 (1957).

KUEHNE, AXEL, AND SUTTON

163

A level at 10.09 MeV (as well as at 10.03 and 10.12
MeV) was also reported in the Al¥(¢,e) reaction.’® The
same level has been seen and identified as M1 in in-
elastic electron scattering from isotopically enriched
Mg?6; the reported energies are about 10.2 MeV % and
10.1 MeV. From our value of I'¢*/I'=4.2 eV, the
b(M1) value must be 0.36 if T'y/T'=1, and greater
otherwise.

The 11.42-MeV Level in St

The dipole character of the transition to this energy
level can be based on the observed distribution of
scattered v rays.? The assignment as magnetic dipole
was based on the inelastic-electron-scattering results.’*:?
The width we determined was 23 eV with an error of
about 3.5 eV if T'o/T'=1. The poor-resolution electron-
scattering experiments gave 47 eV with a 309, error'®
and 33 eV with a 409, error.2® The level was also seen
in good resolution by the Darmstadt group,* but they
have not yet published detailed parameters. Our value
of 23 eV corresponds to a b(M1) of 1.33.

An 11.40-MeV level had been reported® in a y-ray
cascade following the capture of 1.117-MeV protons by
Al. An 11.40-MeV level was also invoked® to explain a
weak branch in the v cascade following the capture of a
2.522-MeV proton. Very strong 11.4-MeV vy rays were
also seen® in the cascades following the capture of
1.669- and 1.680-MeV protons, but these were inter-
preted as decays from the capturing state to the first
2+ state in Si%.

C. Identification of Analog States and the
Giant Magnetic Dipole Resonance

The identification of the transitions as magnetic
dipole and the large transition strength associated with
the levels at 9.92 and 10.66 MeV in Mg* and at 11.42
MeV in Si?8 indicates that these levels are dominantly
T=1, in accordance with the rule first discussed by
Morpurgo.® If only the integrated strength associated
with each level had been measured, the possibility
would remain that what appeared as a single strong
level with our 100-keV resolution was actually a group
of weaker levels. (This type of fragmentation of an
analog state has been demonstrated in the high-
resolution examination® of analog states near 10 MeV
in K.) However, our resonant absorption results make
it clear that the strength associated with each of the

48 S, Hinds, H. Marchant, and R. Middleton, Proc. Phys. Soc.
(London) 78, 473 (1961).

9P, Brix, H. G. Clerc, R. Engfer, G. Fricke, F. Gudden, H.
Liesem, and E. Spamer, in Comptes Rendus du Congres International
de Physique Nucleaire, Paris, 1964 (Editions du Centre National
de la Recherche Scientifique, Paris, 1965), Vol. II, p. 372.

%Y. P. Antoufiev, D. A. E. Darwish, O. E. Badawy, L. M.
El-Nadi, and P. V. Sorokin, Nucl. Phys. 56, 401 (1964).

81 G, Morpurgo, Phys. Rev. 110, 721 (1958).

82 G. A. Keyworth, G. C. Kyker, Jr., E. G. Bilpuch, and H. W.
Newson, Nucl. Phys. 89, 590 (1960) ; Phys. Letters 20, 281 (1966).
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three strong levels is not significantly fragmented.
Thus, there is no evidence for significant mixing between
T=1 1+ states and any T=0 1+ states that might
exist at excitations of about 10 MeV in Mg and Si%.
The lack of mixing between T'=1 and 7'=0 14- levels
requires that the T=0 14 levels be well separated.
This is consistent with the apparent isolated levels
observed® in a wide variety of experiments in Mg and
Si near 11 MeV. On the other hand, the widely spaced
levels are quite inconsistent with the strong absorption
of bremsstrahlung v rays reported® near 11 MeV in
Mg, but consistent with the negligible absorption
reported® for both Mg and Si in a similar experiment.

The identification of strong T'=1 14 states in Mg*
and Si® can be used together with known Coulomb
energies to predict the presence of low-lying 14 states
in Na* and Al%, respectively. This relation between the
low 14 states (in Na? and Al*®) and the strong scat-
tering levels (in Mg? and Si*8) was recognized by
Sugawara,’® but he did not have sufficiently precise
information to make exact identifications.

The nuclear-structure implications of the observed
magnetic dipole transition strengths can be understood
more readily if one uses the approximate (but probably
rather accurate) sum rule for 4 =4N nuclei given by
Kurath?:

Z[I‘o,-(Ml)J(lo MeV)2 < —a >
7L3305evI\ E; / \2Mev

XX lirsilg).  (17)

T'o;(M1) is the magnetic dipole transition width from
the excited state j to the ground state g. E; is the ex-
citation energy of the jth state. The quantity ¢ is the
coefficient of the 1;-s; term in the potential of the ith
nucleon; for the d shell, a~~—2 MeV. Equation (17)
is obtained directly from Eq. (8) of Ref. 38 by sub-
stituting the experimental values of uy and up. Equation
(17) has the advantage of being expressed in terms of
the width rather than the reduced width B(M1) which
is sometimes defined somewhat differently by different
authors.

The Weisskopf unit for I'¢(M1) is Tow .. (M1)=20.7
eV (E/10 MeV)* while the Moszkowski unit is
Tom.a. (M1)=19.3 (E/10 MeV)3. Inasmuch as {I-s)=1]
for a particle in the j=I43 state, Eq. (17) clearly
indicates that the Weisskopf or Moszkowski unit is
about a factor of 6 larger than would be expected for
a pure single-particle transition. B(M1) is often used
in place of I'p. We use the conventional definition® of

% B. S. Dolbilkin, V. I. Korin, L. E. Lazareva, F. A. Kikolaev,
and V. A. Zapevalov, Nucl. Phys. 72, 137 (1965).

5 J. M. Wyckoff, B. Ziegler, H. W. Koch, and R. Uhiig, Phys.
Rev. 137, B576 (1965).

% K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther,
Rev. Mod. Phys. 28, 432 (1956).
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B(M1):

I'(M1)=(167/9) (E/hc)*B(M1). (18)

It is convenient to define a dimensionless quantity
b(M1) by the relation

B(M1)=b(M1)(eh/2M nc)?, (19)

where M, is the proton mass. Substituting Eq. (19) in
Eq. (18) gives

T'(M1)=11.58 eV (E/10 MeV)*(M1). (20)

[The factor called B(M1) in Ref. 38 is the same as the
factor called A(M1) in Ref. 37, and is $76(M1).] The
conventional Weisskopf and Moszkowski units corre-
spond to bw.n.(M1)=1.79, Aw...(M1)=7.50, by ..
=1.67, and A ... (M1)=6.99.

In order to apply Eq. (17) to C2, one should note that
the observed spin-orbit splitting for the p shell corre-
sponds to a~—4.2 MeV. Thus, from Eq. (17), the
measured value of I'=37 eV implies 3_;1;-8;)=2.29,
whereas if there were 8 p3/2 nucleons, one would expect
O-ilivsi)=4.0. If C were believed to be a pure j-j
coupled nucleus with a filled ps/» shell, Eq. (17) would
imply that there was substantial additional magnetic
dipole transition strength. However, the systematic
behavior of the intermediate coupling parameter in the
P shell¥” implies that the 15.1-MeV level in C®?, with a
predicted width of 32 eV, is essentially the entire giant
magnetic resonance.

In the case of Mg our values inserted into Eq. (17)
imply (3"s1;-s;)=6.08. In the spherical j-;j coupled
shell model, this value could be understood if six of the
eight nucleons beyond the O core were in the ds»
state, while the other two were in the sy/2 orbit. Even
if there were eight ds/2 nucleons in Mg?, the levels we
see form a substantial part of the giant dipole. However,
this interpretation implies that the excited 14 state is
dominantly (ds/2)~'ds/s, which would be unexpected as
a low-lying configuration in Na%* because the sy and
ds)2 subshells are not filled. Assuming that the 9.51-
MeV level in Mg is properly identified’ as the lowest
T=1 state, our data imply 14 states in Na% at about
0.41 MeV and 1.15 MeV, compared with the known
states at 0.47 MeV and 1.35 MeV.

A more consistent interpretation of the 14 levels can
be obtained by using the Nilsson5” model orbitals as
was done in some detail by Daum.® This model implies
that the 2204 [N#n,AZ] state (Nilsson orbit 6) and the
2114 state (Nilsson orbit 7) are filled in the ground
state of Mg*, while the 202+ state (orbit 5) and the
211— state (orbit 9) are the next available vacant
states. It is very attractive to associate the ground
state (4+) and first excited state (1) of Na2 with the

% M. Rickey, E. Kashy, and D. Knudsen, Bull. Am. Phys. Soc.
10, 550 (1965).

% S. G. Nilsson, Kgl. Danske Videnskab. Mat. Fys. Medd. 29,
No. 16 (1955).

%8 C. Daum, Nucl. Phys. 51, 44 (1964).



1290

spin-parallel and spin-antiparallel coupling of a 211+
proton with a 202+ neutron. The assignment of the
same configuration to these two levels is consistent
with the fact that their relative spacing changes rela-
tively little when the neutron is changed into a proton
in going from Na? to Mg?. (The 0.47-MeV spacing in
the Na* is to be compared to the 0.41- or 0.45-MeV
spacing in Mg? depending on whether the level is at
9.92 or 9.96 MeV.) The second 14 state in Na%, seems
to be consistent with a dominant configuration of a
211+ proton coupled to a 211— neutron.®® This is
consistent with the fact that the 211— assignment
seems appropriate for the first excited state of both
Mg? and Al?» which have a ground state consistent
with 2024. In going from Mg? to Al*> the 2024 state
moves up relative to the 211— state by 120 keV;
according to the assignments proposed above for Na*
and Mg?, the state involving the 202 orbit moves up
relative to the one with the 211— orbit by 200 keV.
Although the understanding of the energy shift requires
detailed calculations, it seems reasonable to find the
shift in the same direction in the 4=24 and 4=25
systems.

The assignments of the dominant configurations of
the two 1+ states in Mg? are also supported by the
relative size of the magnetic dipole transition moments.
The first 14 state, which has the dominant configu-
ration (2114)7! 202+, can be reached by a magnetic
dipole transition only by the orbital angular-momentum
operator of the proton, whereas the (2114)~! (211—)
state can be reached by the spin-flip operator acting
on both neutrons and protons. The value of i liess)
is, according to the Nilsson model (with a prolate
deformation n=4), 6.04 which is very close to the
experimental value of 6.08 (if a=—2 MeV).

Theoretical calculations have shown that the Mg*
nucleus may be axially asymmetric as well as de-
formed.®® The wave functions given by these calcu-
lations indicate that Mg deviates from a prolate shape
somewhat, and corresponds to a (3_:1;+s;) of only 3.33,
in contrast with the observed, higher, result. It is not
clear to what extent more detailed calculations, in-
cluding both pairing and configuration mixing, might
change these predictions; but until such refinements
change the predictions (as is likely), the experimental
data reported in this paper are more consistent with
the simpler axially symmetric deformed nuclear model.

Although there are less data available on the Al?-Si*
nuclei, some comparisons can be made. The single level
at 11.42 MeV inserted in Eq. (17) implies a value of
ilis;) of about 5.2. (The weaker level observed
near 10.9 MeV 3 will increase this value somewhat.)
Inasmuch as Si?8 has 12 particles beyond the O core,
the spherical j-j coupled model could explain a value
between 8 and 12, depending on the extent to which
the ds/2 and sy2 orbits are filled. However, once again,

© J. Bar-Touv and I. Kelson, Phys. Rev. 138, B1035 (1965).

KUEHNE, AXEL, AND SUTTON

163

the low excitation energy of the corresponding 1+
states in Al argues against an assignment of (ds2)"'ds/2
even though this assignment is required for a strong
magnetic dipole transition.

The level at 11.42 MeV in Si*® implies a 14 excited
state in Al?8 near 2.11 MeV, assuming that the analog
of the Al?® ground-state doublet is*:56:% at 9.31 and
9.38 MeV in Si?8. It seems reasonable that the 2.147-
MeV level in Al* is the 14 level, particularly because
it participates® in the neutron capture y-ray cascade
as does the identified 14 state at 1.37 MeV. (The
2.209-MeV level in Al*® does not seem to participate in
the y-ray cascade, while the evidence about the 2.281-
MeV level is ambiguous. If the 2.281-MeV level were
the implied 14 state, its position above the ground
state of Al?® would be about 170 keV higher than the
corresponding level in Si?#. This shift seems large
relative to the position of the first 14 level in Al%,
which at 1.37 MeV is itself about 220 keV below the
energy implied by the 10.9-MeV level* in Si%, if it is a
magnetic dipole transition. The weakness of any mag-
netic dipole strength at 10.7 MeV and the strength of
the transition to the 10.9-MeV region casts doubt on
the T=1 assignment tentatively suggested>-® for the
10.7-MeV level in Si*.)

As Kurath originally pointed out, a study of the main
magnetic dipole transition strengths in Si?® might help
decide about whether the oblate or prolate shape was
more consistent with a deformed axially symmetric
model. Unfortunately, the oblate prediction®” of
:1i-s;)=17.6 and the prolate prediction of 4.3 (for
n=—4) bracket the experimental sum which will be
somewhat greater than 5.2. Furthermore, another
axially symmetric oblate solution,’ gives a value of
only 4.3 instead of 7.6, indicating an embarrassing
sensitivity of the (3_;li-s;) to calculational details.
For completeness, it might be indicated that the sug-
gested non-axially-symmetric deformed solution®® for
Si28 giVCS <Z, l,"Si>=6.2.

In addition to being helpful in assigning the spin of
one of the Al? levels, the strong magnetic dipole tran-
sition will provide information about the configuration.
For example, if the Si?® ground state has the 202 § orbit
filled, the 11.42-MeV level must have an important
component which can be reached by a spin flip such as
(202+)"1 (202—). There is also the possibility that the
11.42 level is a coherent mixture of (2024)"! (202—)
and (2114)71 (211-).

Although the magnetic transition strengths we found
in Mg? and Si?® do not exhaust the entire sum rule of
Eq. (17) in the spherical strong j-7 coupled shell model,
at a very minimum they include a substantial fraction
of the entire sum. More probably, the transitions we
observe come close to accounting for the entire sum
predicted by better nuclear models for the ground state
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of these nuclei. (The absence of additional strong
magnetic dipole transitions in inelastic electron scat-
tering tends to reinforce this conclusion.) While the
qualitative size of the magnetic transition probability
and the division of strength between two levels in Mg
can be understood in terms of the asymptotic quantum
numbers of an axially symmetric deformed nuclear
model, a more quantative interpretation will require
calculations of the effects of pairing on the ground
states of Mg? and Si?® and the effects of configuration
mixing on the excited 1+ states.

Note added in proof: The giant magnetic dipole reso-
nance in the (s,d) shell, and its influence on the inelastic

STATES IN 1:C, 2¢Mg, 2%Si 1291
scattering of high energy protons, were treated by
Kawai et al.!

The two v rays of Mg* were recently seen by Riess
et al.,” who report energies of 10.0320.06 and

10.804-0.10 MeV.
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Neutron-deficient holmium isotopes were produced by Dy (p,xn) reactions. Chemical separations
verified that the products were holmium nuclei; excitation-function determinations served to assign mass
numbers to them. A new isotope, !*Ho, was found to emit « particles of 3.9140.02 MeV with a half-life of
11.8-£1.0 min. A search was made for an a-decay transition from 155Ho, but none was observed. The radio-
nuclides !5*Ho and '5?Ho, already known to exist, were found to have respective « energies and half-lives that
were 3.9740.02 MeV and 9.34-0.5 min, and 4.374-0.02 MeV and 2.7+0.2 min. For 18Ho, the a-decay-to—
electron-capture ratio was measured to be (1.20.7) X107, From a comparison with semiempirical esti-
mates of a-decay rates, it was concluded that the a transition of 18Ho is not hindered.

I. INTRODUCTION

HE study of the & decay of neutron-deficient iso-

topes with neutron numbers between 84 and 88

is of interest because of its pertinence to the systematics

of a decay. Because of the stable closed-shell configura-

tion for 82 neutrons, the a-decay energies of these

nuclei are enhanced and, moreover, decrease rapidly
with increasing neutron number (above 84).!

Several q-emitting holmium nuclides in this neutron
range are known. Unfortunately, there are conflicting
reports in the literature about the characteristics of
their decay modes. Macfarlane and Grifficen,? in an
extensive study of the “'Pr(1%0,xn) reactions leading to
various holmium radionuclides, reported on the decay
properties of the mass 151, 152, and 153 isotopes; in
particular, 922 min %Ho was found to emit an «
particle of 3.92 MeV. In this same work, they stated
that they were not able to corroborate the preliminary
results® they had earlier reported for *Ho and !*Ho;
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no a activities for masses greater than 153 could be
found. Nevertheless, compilations of nuclear data®> still
contain some of the early results later retracted by
Macfarlane and Griffioen.

In addition, May and Yaffe,® in a radiochemical in-
vestigation of the reactions of dysprosium with protons,
concluded that the 27-min component that they ob-
served was possibly %*Ho. And, recently Lagarde ef al.”
assigned a half-life of 74-1 min to !*Ho.

In an attempt to resolve some of the reported dis-
crepancies, we have investigated the a-particle spectra
from the products of the %Dy (p,xn)15™—+*mHo reac-
tions. We shall herein report on the a-particle energies
and half-lives that were determined, and on the excita-
tion-function measurements so necessary for unequivo-
cal mass assignments of the observed radionuclides.

4 Nuclear Data Sheets, compiled by K. Way et al. (Printing and
Publishing Office, National Academy of Sciences—National Re-
;Sa:srcshl Council, Washington, D. C., 1965), NRC 5-5-26, 5-6-59,

5 Chart of the Nuclides, compiled by D. T. Goldman and J. R.
Roesser (Knolls Atomic Power Laboratory, 1966).

¢ M. May and L. Yaffe, J. Inorg. Nucl. Chem. 26, 479 (1964).

7P. Lagarde, J. Tréherne, A. Gizon, and J. Valentin, J. Phys.
(Paris) 27, 116 (1966).



