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Photoneutron cross sections for Mg, Mg, and natural magnesium have been measured
with the use of monochromatic photons obtained from the annihilation in flight of fast positrons.
The resolution was less than 200 keV at 10-MeV photon energy, and 300 keV at 30 MeV.
About 14 resonant structures in Mg and 32 in 6Mg were distinguished and parametrized.
A Porter- Thomas treatment of the distributions of transition widths throughout the giant reso-
nances of Mg and Mg indicates that the resonances belong to single-spin states, or have
one degree of freedom in each case. The Mg(y, 2n) cross section contains considerable
structure, most of it coinciding with the structure in the total photoneutron cross section. It
is confirmed that the giant resonance of 26Mg is split into two isospin components. Integrated
total cross sections up to 28 MeV are 50 MeVmb for Mg, 226 MeVmb for 6Mg, and 76 MeV
mb for natural magnesium.

I. INTRODUCTION

Photoneutron and photoproton cross sections
have been measured previously for magnesium
isotopes and natural magnesium. The majority of
work has been conducted on natural magnesium,
however, which makes it difficult to compare with
data taken with separated isotopes. Adequate ref-
erences to earlier works are contained in several
bibliographies. ' More recent work has revealed
the presence of numerous levels in the giant reso-
nance of some of the magnesium isotopes. This is
seen as complex structure in the cross section.
The structure has been studied by means of (y, n),
(y, P), and (e, e') reactions. lt has also been ex-
amined by the inverse reaction "Na(P, y,}"Mg.'

For "Mg, Nathans and Yergin' obtained an in-
tegrated cross section of 55 MeVmb, up to 25
MeV. King and McDonald' obtained approximate-
ly 31.5 MeVmb up to 24. 't MeV for o((y, n)+(y, pn)
+ 2(y, 2n)) on '~Mg. Using the absorption method,
Dolbilkin et al. ' obtained a total absorption inte-
grated cross section of 365 "„'MeVmb for o((y, n)
+ (y, pn) + (y, 2n) + (y, p}), while Wyckoff et al. ' ob-
tained 276 MeVmb for this integrated total cross
section up to 30 MeV.

Min and Whitehead' measured o((y, n) + (y, Pn)
+ 2(y, 2n)) using the neutron counting method and
natural magnesium. They obtained an integrated
cross section of 90.7 MeVmb for energies up to
28 MeV. Anderson, Cook, and Englert, ' using the
activation method, obtained an integrated cross
section for o((y, n) +(y, 2n)) of approximately 92
MeVmb for energies up to 28 MeV for ' Mg.

Some measurements have been made on the (y, P)
cross section for "Mg. Ishkhanov et al. ' obtained
180 MeV mb for integrated cross sections of this
reaction up to 32 MeV, while Shoda et al. ' ob-
tained 70 MeV mb for this cross section up to 23
MeV. The most detailed of the photoproton studies
is the (P, y,} yield data of Bearse, Meyer-Schutz-
meister, and Segel, ' but the resulting Mg(y, Po)
cross section is such a small branch of the giant-
resonance decay (-1.5%} that it cannot be consid-
ered to be representative of the whole, and conse-
quently a comparison with the conclusions of
Bearse et al. (such as the ratio of "direct" to com-
pound-nucleus decay of the giant resonance) is not
meaningful.

The separated isotopes ' Mg and "Mg have been
examined by electron scattering by Titze et al. ,

" "
who measured structure in "Mg and "Mg (e, e')
cross sections. Photoneutron spectra also have
been measured for these isotopes. " " The re-
sults on the separated isotopes obtained at other
laboratories will be discussed later in this report.

Theoretical calculations on the giant-dipole-
resonance levels in "Mg have been made by Nils-
son, Sawicki, and Glendenning" using the random-
phase approximation in a deformed harmonic os-
cillator. Diehl, Forkman, and Steifler" modified
these calculations, while Neudatchin and Shevchen-
ko" included consideration of the monopole part of
the Majorana force in their calculation of the
1d-2s shell nuclei. Bassichis and Scheck" ap-
plied a Hartree-Fock treatment in their calcula-
tion of resonances in the ' Mg nucleus. No calcu-
lations on ~Mg have been reported to date.
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The previous measurements of the photoneutron
cross sections for the magnesium isotopes and

natural magnesium, obtained at other laboratories,
show considerable disagreement in absolute values
and in detail of the structure. The present work
was undertaken in an attempt to present a more
coherent picture of these cross sections for the

various magnesium isotopes, using the higher-
resolution data obtained by use of monochromatic
photons. Single-nucleon effects were studied by

use of the separated isotopes, and neutron multi-
plicity counting was used to separate the partial
cross sections.

II. EXPERIMENTAL APPARATUS AND METHOD

The source of radiation was monochromatic pho-
tons obtained from the annihilation in flight of fast
positrons. " The energy range of the annihilation
photons was from approximately 10 to 28 MeV.
The photon beam was measured by means of an ion
chamber, filled with xenon gas to a pressure of
0.5 atm. It was calibrated by correlating the
charge collected from the ion chamber with inten-
sity of annihilation photons as measured by an 8-
in. x 8-in. -diam NaI(Tl) crystal. For the calibra-
tion measurements, response functions were fit-
ted to the peaks in the pulse-height distributions
obtained from the NaI(Tl) crystal, and the total
counts under the response function were obtained.

The sample was placed at the center of a 3-in. -
diam axial hole in a 4w paraffin-moderated neutron
detector. The detector contained 48 BF, propor-
tional counters, each filled to a pressure of 160
cm Hg with 'OB-enriched (to 96%) BF,. The paraf-

TABLE I. Threshold energies for magnesium isotopes
(MeV) (from Ref. 23).

Isotope (y, n) (7 Pn)

245Ig

"Mg
")Ig

16.532
7.329

11.095

29.940
23.881
18.424

24.112
19.022
23.156

11.694
12.061
14.147

fin moderator consisted of a 24-in. cube of paraf-
fin, with the BF, tubes placed in four rings ar-
ranged concentrically around the axis of the cylin-
drical hole.

The ' Mg sample consisted of 79.12 g of MgO
with the ~Mg enriched to 99.70%. The weight of
"Mg in the sample was 50.04 g. It was packed in
a thin-walled 1.75-in. -diam Lucite container which
was placed at the center of the axial hole in the
neutron detector. Two ' Mg samples were used.
One was oxide in chemical form and consisted of
98.17 g of ' MgO enriched to 99.88/~ ' Mg. The
second sample consisted of '~Mg metal having an
enrichment of 99.91% ' Mg. The metal was con-
tained in small irregular drops, and was packed
in a thin-walled Lucite container. The natural
magnesium sample consisted of a number of ma-
chined metal disks, 1.5-in. diam and 0.25 in. thick.
These were stacked into a cylinder taped together
and placed at the center of the neutron detector.
Various weights of natural magnesium were used
depending on which group of resonances was be-
ing examined. Threshold energies for several pho-
ton reactions are shown in Table I."

Two arrangements of the beam transport system
were used for the measurements on the magnesium
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FIG. 1. Arrangement of the beam-handling equipment and experimental apparatus used for the Mg and natural-
magnesium measurements. The Mg data were obtained with the arrangement shown in Fig. 1 of Ref. 24.
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TABLE II. Integrated cross sections of magnesium
isotopes.

Isotope

28

J a{y,n„,&dE
&&hr

{MeU mb)

a'{y, 2n)dE
Ethr

{MeU mb)

~4Mg

26Mg

Natural
magnesium

50
226

76

isotopes. The first, with which natural magnesium
and "Mg were measured, is shown in Fig. 1. The
second system, with which "Mg, "Mg, and "Na
were measured, is shown in Fig. 1 of the work of
Alvarez et al. ,

' which is a report on the latter two

isotopes. In both arrangements, the beam was fo-
cused on a beryllium annihilation target by a final
quadrupole. The annihilation target consisted of a
0.5-in. -diam disk of beryllium metal, 0.010 in.
thick, suspended on thin nylon threads and mount-
ed in a target changer which could be operated re-
motely. The target changer consisted of a thin
Synthane wheel of approximately 12-in. diam. A
number of 2.25-in. -diam holes with centers on a

7.5-in. -diam circle were made in the wheel. In

these could be mounted targets of various sizes
and thicknesses which could be positioned in the
beam line with high accuracy. When background
measurements were desired, a hole with no target
was rotated into the beam line.

A fine wire was attached to each target and a po-
tential of 270 V was placed between the target and

an electrically isolated collector electrode mount-
ed inside the vacuum chamber. The total charge
collected from the target during a run was mea-
sured along with that obtained from the transmis-
sion ion chamber. Thus, the targets could be used
as secondary emission monitors, and the data sup-
ported the readings of the charge collected from
the ion chamber. The positron beam transmitted
by the annihilation target finally was bent out of
the beam line and arrested in carbon blocks.

The method of measurement has been discussed
in other reports. ' It consisted of observing the
neutron counts at selected energies of annihilation
photons for a chosen amount of charge obtained
from the ion chamber. The fields of all magnets
then were reversed and neutron counts were ob-
served for a similar charge from the ion chamber
for negative electrons. The neutron counts were
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FIG. 2. Total photoneutron cross section o((y, n)+(y, Pn)) for t4Mg. The solid line is drawn merely to guide the eye.
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TABLE III. Analytical and experimental resonance energies for Mg (MeV).

Resonance
number

Analytical
energy

Present
data

(» ntot)

Exper imental energies
Livermore Yale Darmstadt

(Ref. 15) (Ref. 14) (Ref. 12)
(» no) (» no) (e, e')

Argonne
(Ref. 2)

(» Po)

4
5
6

7
8
9

10
11
12

13
14

16.92

17.32
17.55

18.33
18.75
19.16

20.00
20.40
20.80

21.45
22.35
23.10

25.00
27,50

16.90

17.30
17.65

18.30
18.82
19.17

20.05
20.36
20.90

21.45
22.35
23,10

25.00
27.50

16.871
16.95
17.30
17.83

18.26
18.61

17.83
17.95
18.15
18.36
18.58
19.21
19.48
19.95

16.90
17.08
17.33
17.60
17.90
18.21
18.50
18.85
19.23

20.10
20.35
20.77
21.16
21.50
22.28
23.02
23.42
25.05

16.9
17.2
17.35
17.5

18.25
18.5
19.0
19.3
20.1
20.4
20.7
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FIG. 3. t4Mg total cross section a((y, s) + (V,ps)) fitted with a calculated cross-section curve. The solid line is the
sum of the 14 Lorentz lines whose parameters were adjusted to fit the data.



PHOTONEUTRON CROSS SECTIONS FOR Mg, Mg, AND. . . 153

normalized to the same number of particles, and

the negative electron data were subtracted from
the positron data.

The efficiency of the neutron detector was ap-
proximately 0.40. The neutron counts were ana-
lyzed electronically so that single, double, triple,
etc. counts per beam burst were separated and

counted on separate scaling circuits. From these
data the particle cross sections o((y, n) + (y, pn))
and o(y, 2n) were calculated on a computer, using
a statistical analysis. Since the average energy of
the neutrons changes with a change in the incident
photon energy, the efficiency of the neutron detec-
tor was measured as a function of the neutron en-

ergy, by use of the "ring-ratio" method. " Correc-
tions for neutron detector efficiency were applied
to the data.

The resolution of the photon beam varied from
less than 200 keV at 10 MeV to 300 keV at 30
MeV. The momentum interval selected by the
slit setting was approximately 1%, but other fac-
tors such as multiple scattering and energy loss in
the beryllium target and the energy-versus-angle
relation of the photon beam contributed to a loss
of resolution at the lower energies.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A Mg

The cross section o((y, n)+ (y, Pn)) for '
Mg is

shown in Fig. 2. It reaches a maximum of 9.9 mb
at 19.16 MeV, and considerable structure is pres-
ent throughout the giant resonance. The integrated
cross section for photon energies up to 28 MeV is
50 MeVmb. This can be compared with other mag-

nesium isotopes in Table II. The energies of the
peaks in the cross-section curve are shown in Ta-
ble III. Also listed in Table III are data from the
Livermore, "Yale, ' Darmstadt, "and Argonne'
nuclear laboratories. The Livermore" and Yale
data were obtained by the neutron time-of-flight'
method, the Darmstadt data are from inelastic
electron scattering measurements, and the Ar-
gonne data are from (P, yo) measurements.

The data were analyzed by fitting Lorentz lines
to the peaks and summing these to reproduce the
cross-section curve. This was done by use of a
computer, and the parameters of the Lorentz lines
were chosen to give the best fit to the measured
cross-section curve. In Fig. 3 are shown the
cross-section data and the curve obtained by sum-
ming the Lorentz lines. Integrated cross sections
(areas) for the Lorentz lines are given in Table IV.

The cross section for absorption of a photon hav-
ing energy E from the ground state to an excited
state at energy E„ is given by the expression

y!!0 (EI'a}'
I! g I! (g& g2)2 y (gI! }2!

where y» is the ground-state radiative transition
width and I', is the total width of the level ob-
served: I', = I'„,+ y„,+Q;y„+1 ~, where y„are
the non-ground-state radiative widths.

The widths I'», for the (y, P) reaction, are not
known and will be omitted in the present analysis.
(This is not expected to change the level distribu-
tion but would increase the values of y» by approx-
imately a factor of 2, since I'~= I'„,.) The X, are
the wavlengths of the incident photons, and the F,
are measured experimentally. For dipole radia-

TABLE IV. Resonance parameters and integrated cross sections for 4Mg.

Resonance
number

ICE SS

Energy

(MeV}

Total
width

Fz
(MeVp

Relative
dipole

strength
4'a

Integrated
cross section

fo!SdE
(MeV mb)

Radiative
transition width

~k0
(eV)

1
2
3
4
5

7
8
9

10
11
12
13
14

16.92
17.32
17.55
18.33
18.75
19.16
20.00
20.40
20.80
21.45
22.35
23.10
25.00
27.50

0.27
0.32
0.07
0.40
0.42
0.26
0.63
0.30
0.80
0.60
0.25
1.15
2.40
2.00

0.097
0.167
0.009
0.463
0.575
0.415
1.000
0.145
0.590
0.194
0.123
0.870
1.700
1.180

0.59
1.04
0.057
3.04
3.86
2.85
7.16
1.06
4.40
1.49
0.98
7.20

15.22
11.62

14.6
27.0
1.5

88.6
117.7
90.7

248.5
38.2

164.9
59.5
42.7

333.0
825.0
762.0



154 S. C. FULTZ e t al.

tion on an even-even nucleus g= &, when taking in-
to account the two possible directions of polariza-
tion. Since the y, are small compared to F„, we

get

adE = 27' X'gyro,
0

whence

y„= odE/(3II'a') .
0

(2)

Equation (2) was used to calculate the radiative
widths of the various resonances whose Lorentz
parameters were obtained in the manner previous-
ly described. The values obtained for y„are listed
in the right column of Table IV.

B. Mg

The partial cross sections o((y, n) + (y, Pn)) and

o(y, 2n) and the total photoneutron cross section

o((y, n)+(y, Pn)+(y, 2n)) for Mg are shown in Figs.
4 —6, respectively. The data show marked struc-
ture throughout the giant-resonance region.
Among the significant features of these data is the

appea. rance of two dominant peaks (at approximate-

ly 17.6 and 22 MeV) in the total-cross-section
curve. Only one of these (at 17.6 MeV) appears
clearly in the (y, n) cross section (Fig. 4), while

the other appears in the (y, 2n) cross section (Fig.
5). The apparent splitting in the giant resonance
will be discussed later in this report.

The total cross section reaches its first maxi-
mum of 22.8 mb at 17.65 MeV and its second maxi-
mum of 25.1 mb at 22.14 MeV. The (y, 2n) cross
section has a maximum of 13.9 mb at 21.9 MeV.
Considerable structure also is apparent in the

(y, 2n) cross section curve; however, statistics
are not quite as good here as for the single or to-
tal photoneutron measurements. However, the en-
ergies of the peaks agree reasonably well with

those of resonances 18 to 23, 25, and 27, respec-
tively, of Table V. Also listed in Table V are en-
ergies at which peaks were observed in Mg(y, n, )
measurements made at Livermore" and at Yale, "
as well as those from electron scattering data
from Darmsta, dt. "

The second column of Table V is a list of the en-
ergies used in analysis of the Livermore data in
which a, Lorentz line was fitted to each peak in the
cross-section curve. The entries in this column
differ a little from the experimental data of the

15-
Cl

~ ~
4P

10
I

f/ II II
&' 1(

V

10 12 14 16 20 22 24 26 28 30

Photon Energy (IHeY)

FIG. 4. Single-photoneutron cross section a(ly, n} + (y,p n }) for Mg.
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third column, since the tails of adjacent reso-
nance lines will shift the peaks slightly. In addi-

tion, where wide spacings occurred between peaks,
it sometimes was necessary to add Lorentz lines
which did not appea, r in the experimental data (as
peaks) in order to account for all the cross sec-
tion. In Fig. 7 is shown the cross-section curve
obtained by summing these lines.

Using Eq. (2), the y ra-y transition widths y„
were calculated for "Mg from the areas under the
Lorentz lines. These are listed in the right col-
umn of Table VI. The integrated cross sections
for each line are given in the fifth column, while

relative dipole strengths are listed in the fourth
column.

nances 3 to 11, inclusive, of "Mg as listed in Ta-
ble V. The resonances above 16.35 MeV, which

appear at 16.90, 17.52, 18.30, 18.77, 19 ~ 17, 20.00,
20.32, and 20.95, are readily identifiable with
'

Mg; namely resonances 1, 2, and 4 through 9 of
Table III.

The total cross section rises to a peak value of
approximately 10 mb at 19.17 MeV, and has an in-
tegrated value of 76+7 MeVmb, up to 28 MeV.
The integrated cross section obtained from the
sums of the isotopic cross sections, taking into
account isotopic abundances, is 88 + 9 MeVmb.
These are in agreement within the statistical er-
rors. (The integrated cross section of "Mg was
taken as 226 MeV mb. ' )

C. Natural Mg

The total photoneutron cross section for natural
magnesium is shown in Fig. 8. The structure be-
low 16.5 MeV is mostly attributable to "Mg, since
there is little structure apparent in "Mg in this re-
gion. '4 The resonances occur at energies of 11.80,
12.28, 12.90, 13.35, 13.83, 14.70, 15.27, 15.68,
and 16.35 MeV, and are identifiable with reso-

IV. DISCUSSION AND CONCLUSIONS

A. Integrated Cross Sections

The integrated cross section for "Mg from the
present data is 50+ 5 MeVmb. It is difficult to
compare this with other experiments, since many
experimenters used natural magnesium, and the
cross sections were listed as due to ' Mg. How-

12-

~ ~
OP

CrO

C/}
CI
L

(»)
10 12 14 16

(y,2n)
I

18 20 22 24 26 28 30

Photon Energy (MeV)

FIG. 5. Double-photoneutron cross section cr (y, 2n) for 26Mg.
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—15-
CP
47

~ 10-

(y,n}

10 12 14 16 18 20 22 24 26 28 30

Photon Energy!, MeV,'!

FIG. 6. Total photoneutron cross section a((yn)+ (ypn ) + (y, 2n)) for t~Mg. The solid line is used only to guide the eye.

~I 16—

a~ 12-

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 0

Gamma Ray Energy (NeV)

FIG. 7. Total photoneutron cross section o'((y, n) + (y,pn}+ (y, 2n}) for t6Mg. The solid line is the sum of 22
Lorentz lines with parameters listed in Table VI.
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ever, summing the contributions from the iso-
topes ' Mg, "Mg, and '6Mg gives a total integrat-
ed cross section which is in reasonable agree-
ment with the measurement on natural Mg, as pre-
viously noted.

The first moment of the integrated cross section

o, = f, oE 'dE is proportional to the sum of the di-

pole strengths P„given in Tables IV and VI. It is
2.79 mb for Mg and 12.1 mb for Mg.

8. Nuclear Deformation

Some measurements have been made on the in-
trinsic quadrupole moment of '4Mg and of P„ the
nuclear deformation":

where z is the eccentricity:

e = (a' —b')/R',

TABLE V. Analytical and experimental resonance energies for ~~Mg (MeV).

Resonance
number

Analytical
energy

Present data
(V, ~„,) (V 2)

Experimental energies
Liver more

(Ref. 15)
(p sg)

Yale

(Ref. 17)
(f, Sp)

Darmstadt

(Ref. 13)
(e, e')

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29
30
31
32

11.17

11,46
11.75
12.35
12.80

13,30

13.75

14.60

15.15
15.70
16.25
16.70
17.05
17.65
17.95
18.20
18.45
18.75
19.30
19.75
20.25
20.82
21.20
21.50
21.85
22.15
22.30
23.50

25.35
26.10
27.00
28.20

11.15

11.47
11.75
12.30
12.80

13.35

13.75
13.83

14.60

15.15
15.70
16.20
16.70
17.15
17.65
17,95
18.20
18.45
18.75
19.30
19.75
20.25
20.87
21.30
21.50

22.15

23.00

25.25

27.00
28.20

18.80
19.32
19.63
20.05
20.68
21.30

21.93

22.25

24.9

11.155
11,164
11.289
11.333
11.511
11.753
12.279

12.81
12.90
13.04
13.33
13.44
13.67

14.49

15.10
15.59

20.37
20.77
21.16
21.37

22.13

13.12
13.35

13.70
13.89
14.22
14.50
14.91
15.12
15.73
16.25
16.90
17.16
17.52
17.83
18,19
18.51
18.79
19.21
19.66
20.12
20.59
21.09
21.42
21.93

22.74
23.15
23.60

27.32
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TABLE VI. Resonance parameters and integrated cross sections for Mg.

Resonance
number

CCp yr

Energy

(MeV)

Total
width

r„
(Me V)

Relative
dipole

strength

Integ rated
cross section,

J 0'dE

(MeV mb)

Radiative
transition width

40
(eV)

1
2

3
4
5
6
7

8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

11.17
11.46
11.75
12.35
12.80
13.30
13.75
14.60
15.15
15.70
16.25
16.70
17.05
17.65
17.95
18.20
18.45
18.75
19.30
19.75
20.25
20.82
21.20
21.50
21.85
22.15
22.30
23.50
25.35
26.10
27.00
28.20

0.20
0.10
0.15
0.25
0.33
0.15
0.30
0.40
0.32
0.15
0.30
0.30
0.60
0.45
0.10
0.40
0.20
0.40
0.30
0.40
0.40
0.45
0.25
0.30
0.40
0.20
0.17
2.40
1.75
0.30
0.80
1.00

0.085
0.09
0.45
0.33
0.82
0.19
0.60
0.70
0.96
0.18
0.94
0.35
1 85
1.80
0.11
1.05
0.34
0.70
0.28
0 72

0.73
1.00
0.22
0.72
0.82
0.39
0.29
7.15
3.70
0.15
1.20
2,50

0.37
0.40
2.04
1.57
4.05
0.99
3.18
3.94
5.61
1.09
5.89
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FIG. 8. Natural magnesium total cross section 0((y,n)+(y, Pn) +(y, 2n)) showing detailed structure. The solid line
is merely to guide the eye through the data points.



PHOTONEUTRON CROSS SECTIONS FOR Mg, Mg, AND. . . 159

where a and b are semimajor and semiminor axes
of a prolate spheroid, and R is the equivalent
spherical radius.

The average value of P, for "Mg, based on a
number of measurements, is given" as 0.65 from
which e =1.230. From early work on electron
scattering, ' R = 3.84 F, so for ' Mg we get n= 5.21
F and b = 3.30 F, or a/b =1.56. If the ' Mg nucleus
is regarded as deformed, giving low- and high-en-
ergy components in the cross section, and the low-

energy component is regarded as centered about
17 MeV, "the high-energy maximum would be ex-
pected to occur at approximately 26 MeV. Al-
though the cross section appears to be still (rela-
tively) strong in the region around 26 MeV, no
marked peaks occur there.

A theoretical treatment by Nilsson, Sawicki, and
Glendenning" of the giant resonance in the de-
formed s-d shell employed the random-phase ap-
proximation with Nilsson wavefunctions and Ferrel-
Fisscher and Rosenfeld forces for the residual in-
teraction. The calculated dipole strengths showed
a splitting between the K =0 and K =1 resonances,
but the distribution of dipole strength disagrees
with the experimental data. Bassichis and Scheck"
applied the static Hartree-Fock self-consistent-
field calculation to the 1P, the 2s, ld, and the 2P, 1f
shell. They, too, obtained a splitting of the di-
pole strength for the K =0 and K=1 cases. For
comparison with the present experiment, some of
their results are shown in Table VII, wherein di-
pole strengths greater than 0.1 are shown for the
energy range above the (y, n) threshold The g. reat
strength predicted at 26.65 MeV does not appear in
the present data, and far too little dipole strength
is attributed to the region below 22 MeV. A some-
what better distribution appears iri the work of
Neudatchin and Shevchenko, "who took into ac-
count the difference in binding energy of a nucleon
in the outer unfilled shell and in the closed shell.
The relative dipole strengths they obtained are

shown in Table VIII. It can be seen that the
strength appears to be more evenly spread through-
out the giant-resonance region, but still there is
not satisfactory agreement with the present data.

The "Mg cross section (Fig. 6} shows marked
structure and the possibility of several groupings
of the levels. It is not obvious which groups of lev-
els, if any, are a consequence of the influence of
nuclear deformation on the cross section. How-

ever, an estimation of the excitation-energy dif-
ference between groups of levels excited in a de-
formed "Mg nucleus is of interest. The deforma-
tion" P, for "Mg is 0.52, which gives an energy
ratio of 1.47 for the two groups of levels. Thus,
if the low-energy group were centered about 17
MeV, the high-energy group would be centered
about 25 MeV. Unfortunately, no detailed theoret-
ical treatment has been published for the "Mg nu-
cleus, so no comparison with theory is possible.

C. Resonance Analysis

The data presented in this report appear suffi-
ciently detailed that application of statistical treat-
ments should yield further insight into the proper-
ties of the giant resonances of the magnesium iso-
topes examined. The resonances in the cross sec-
tions were analyzed by fitting to them Lorentz
curves, the parameters for which are given in Ta-
bles IV and VI. (The total cross section was then
synthesized by adding the contribution of each Lor-
entz line. ) The close agreement between the pres-
ent data and that from other laboratories or exper-
iments (some of which were taken at higher reso-
lution}, indicates that the resonances do not over-
lap strongly (except in the wings). That few levels
appear to have been missed, up to a certain ener-
gy limit, will be demonstrated in treatments below.
Hence even though it would be expected that the
resonances would each represent a level (or sever-
al levels) with the same spin and parity (J' = 1 ),

TABLE VII. Calculated relative dipole strengths for
~4Mg transitions {from Ref. 21).

TABLE VIII. Calculated relative dipole strengths
for ~4Mg transitions {from Ref. 20).

Energy
(MeV)

E=1
Energy
{MeV) f~

Energy
{MeV) fo,

27.50
23.04
21.78
21.25
18.52

0.15
2.40
0.15
0.41
2.52

29.75
28.23
26.65
23.63
22.64
18.12
17.44
16.75

1.99
0.23

15.86
1.10
0.34
0.43
0.48
0.53

18.2
18.6
20.7

21.1
22.0
25.0
27.0
28.0
29.5
30.5

3.0
5.0
3.0
3.5
3.5
5.5
7.0
8.0
3.0
4.6
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for the present analysis these resonances are not

considered to interfere. They therefore are treat-
ed as each representing a single level with Lorent-
zian shape.

Experimental resolution prevents us from know-

ing whether a.ll the resonances are single levels or
clusters of levels (all 1 states) akin to doorway
states. " However, regardless of whether they are
single levels or groups of levels, the analytical
methods of statistical analysis developed for neu-
tron resonances would be expected to be applicable.
A Porter- Thomas" analysis has therefore been
applied. This is a model-independent treatment
which merely gives the distribution of the ground-
state transition widths, based upon the number of
channels (or degrees of freedom) through which

the nucleus may be excited. Other analytical treat-
ments of the data yield such valuable information
as (a) the F. 1 strength functions, (b) the energy
limit up to which no appreciable number of levels
are missed, and (c) the average resonance spac-
ing.

Mg

A plot of a running sum g,y~ of radiation widths
versus photon energy is given in Fig. 9. From the
slope of this curve can be deduced an average val-
ue for the strength function(y/D). For "Mg we
thus get (y/D) = 196&& 10 ', where D is the level
spacing.

In Fig. 10 is given a plot of the number of reso-
nances contained in the energy interval between
the (y, n) threshold and the photon energy Er. This
represents a "lost level" diagram. When the res-
olution becomes very poor and "levels" thus are
being missed, this curve deviates from a straight
line cutting the abscissa at the threshold energy.
It is evident that such levels are being lost at en-

ergies above 21.5 MeV. For those below this en-

ergy, the slope of the straight line gives an aver-
age value for the number of levels per MeV of ex-
citation energy, or (1/D), where D is the level
spacing. From the figure we get (1/D) = 1.89
MeV ' or (D) =0.528 MeV. Thus, the average
ground-state radiation width for these ' Mg excit-
ed states is (y) =(y/D)(D), or (y) =104 eV. These
values for (y) and (D) apply to the resonance
structures actually observed. However, the aver-
age value obtained for the strength function (y/D)
should be independent of the resolution.

It is of interest to examine the distribution of
widths of the photon transitions to excited states
in the giant-resonance region of ' Mg. To do this
we consider the distribution function deduced by
Porter and Thomas':

P(x, p)dx=(px)~ 'e '*dx/F(p),

2(y)''" (y') -(y)' (4)

where P(x, p) is the probability of a transition
width falling in the range between x and x+ dx, x
=y/(y) is the ratio of y to the average width (y),
v = 2p is a parameter known as the number of de-
grees of freedom, and I'( p) is the I' function.

A plot of P(x, p) for the levels of "Mg listed in
Table IV is given in Fig. 11 wherein the histogram
represents the experimental data, and the solid
lines are the theoretical width-distribution curves
for p values of —,

' and 1, or v values of 1 and 2.
The histogram appears to agree more closely with
the theoretical curve for v=1, or a single degree
of freedom. The average value of v obtainable
from this data can be calculated from the expres-
sion given by Wilets":

I.O —x IO

0
0,5 —x IO

N

LU
10

0)

0z'

l6 17 l8 l9 20 2I 22 23 24 25
Photon Energy (MeV)

FIG. 9. The data points are running sums of the transi-
tion widths y~ plotted versus the excitation energy for 24Mg.

0 I, I

16 17 18 19 20 21 22 23 24 25 26 27 28
Photon Energy Ey(MeV)

FIG. 10. "Lost level" diagram for 24Mg. This gives
the number of levels with energy less than E&, plotted
versus E&.
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Using this expression, we get

v, (f = 1.21.

Alternatively, using the expression

+(p) = 4( p) —»p,
where g(p} is the derivative of the logarithm of
the I function and

F( p) = (I/m) Q 1n(x,),
$~1

we get

p = 0.668 + 0.021

or

v = 1.34 + 0.04 .
Both calculations of v are in reasonable agree-
ment and indicate v to be close to unity. This is
consistent with the histogram in Fig. 11.

Since ' Mg is a self-conjugate nucleus, its
ground state has isospin T =0. Hence, only T = 1

states can be reached by dipole excitation. Tran-
sitions from these states to T =-,' states of "Mg
are allowed by isospin selection rules. However,
it is not known whether all the excited states ap-
parent in the "Mg cross section decay to the
ground state of 2'Mg. The appearance of the same
resonances in the neutron spectra' '" of the (y, no)
reaction on '4Mg from threshold to 3.45 MeV, how-
ever (see Table III} indicates that up to an excita-
tion energy of approximately 20 MeV the reso-
nances seen in the total photoneutron cross sec-
tion (Fig. 2} are associated with ground-state
transitions. The neutron decay from the strong

resonances at 16.9, 17.3, 18.3, 18.8, and 19.2
MeV can be shown to proceed essentially entirely
to the ground state of "Mg by converting the dif-
ferential cross sections given in Refs. 14 and 15
to total cross sections, even though decay to the
0.45-MeV first excited state of "Mg is possible
for all but the lowest of these resonances. In addi-
tion, the close correlation of the time-of-flight
data with the (y, n) and (e, e') measurements indi-
cates that most of the resonances are accounted
for in the present measurements on '

Mg, as is
indicated in Fig. 10.

Since electric dipole radiation can excite only
4" =1 states in "Mg, there would be expected
only one degree of freedom for the resonances ob-
served in the ' Mg nucleus. Hence, best agree-
ment with a Porter-Thomas distribution of the
level widths would be expected for v=1. This ap-
pears to be the case (Fig. 11), and the ca.lculated
value of v has an average value of 1.28 I Etls. (4)
and (5)].

2. Mg

A plot of the number of resonances occurring in
Mg between the (y, n} threshold and photon ener-

gy E is shown in Fig. 12. This lost-level plot in-
dicates that most of the levels below 22 MeV are
accounted for in the data. Comparison with pho-
toneutron data taken near threshold by Berman
etal.""at Livermore, indicates that a few peaks
near threshold were missed. A comparison of
the values for y~o found in Ref. 15 and the present
experiment (Table VI) discloses that the 11.15-
MeV peak includes four levels, but resonances 2,
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FIG. 11.Distribution of level widths P(x, p) versus x
=y/(y) for 24Mg. P(x, p) is given in Eq. (3), and 2p =v
is the number of degrees of freedom. P(x, p) is the frac-
tion of levels in a bin dx =0.5, normalized to dx =1.
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3, 4, and 5 in Table V are indeed single levels.
Also, resonance 3 (11.75 MeV) decays essentially
entirely to the ground state of "Mg; resonance 4

(12.3 MeV) decays to the ground state about 50%
of the time, and resonance 5 (12.8 MeV), seen in

the threshold photoneutron measurement as an ex-
cited-state transition, decays to the second excit-
ed state of "Mg (at 0.975 MeV) about 30% of the
time. Finally, the agreement with the data from
other laboratories (Table V) indicates that most of
the peaks above 13.3 MeV of excitation energy are
accounted for. From the reciprocal of the slope,
(D) was found to be 0.473 MeV.

In Fig. 13 is shown a graph of a running sum of
the transition widths versus photon energy. A dis-
tinct change in slope occurs at about 16.2 MeV,
which gives two values for (y/D). The region be-
low 16.2 MeV yields a value for (y/D) of 97X 10
while that above 16.2 MeV gives 438& 10 . These
numbers yield average transition widths of 45.9
and 207 eV, respectively, for the two energy re-
gions.

The distribution of the levels P(x, p), as defined

by Eq. (3), was determined for the ~Mg data and

is shown in the histogram of Fig. 14. As in the
previous case, the curves are the theoretical
width distribution for p values of —,

' and 1, or v

values of 1 and 2, respectively. The histogram
appears to agree more closely with the thoretical
curve for v =1, for a single degree of freedom.
The average value of v deduced from Eq. (5) is

v = 1.03 + 0.24 .

The Porter- Thomas treatment of the resonances
of ~Mg indicates a single dominant mode of ex-
citing the levels in the giant resonance, i.e., a
single degree of freedom. As before, this would

be expected from dipole excitation of an even-
even nucleus, since only J"= 1 states would be
excited.

The apparent change in the value of (y/D) from
97x 10 ' to 438x 10 ' at 16.2 MeV (Fig. 13) ap-
pears to arise from the greater strength of the
levels within the giant resonance proper, the
start of which would be at about 16.2 MeV. Thus
this kind of analysis gives a quantitative estimate
of a lower-energy limit to the giant resonance
when the cross section contains much structure.
Under favorable conditions (non-overlapping reso-
nances, good experimental energy resolution at
30 to 40 MeV), it would likewise be possible to
extract an upper energy limit. It is hard to see
how else one could set such energy limits on the
giant resonance in cases like these where it is
fragmented into many substructures.

D. Isospin Splitting of the Ciant Resonance in Mg

Interesting information on the ground-state neu-
tron transitions from ' Mg has been provided by
the time-of-flight-measurements of Wu, Firk, and
Herman. " These experimenters irradiated "Mg
with bremsstrahlung having end-point energies of
18.9, 21.4, 23.1, and 27.5 MeV. The spectra then
were normalized and subtracted. Of particular
significance is the fact that neutron groups appear-
ing for excitation energies greater than 18.9 MeV
were reduced in energy by approximately 7.9 MeV.

Widths of levels for ~Mg

I I I

I.O

46

I.O 20 30 40 50 80 70 B0 90 I.O

FIG. 14. Distribution of level widths P(x, p) versus
x =y/(y) for Mg. P (x,p) is the fraction of levels in a
bin dx =0.3, normalized to dx =1.
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Thus, there are no ground-state neutrons from
states with energies between 18.9 and 23.1 MeV
even though strong photon absorption occurs there
(Fig. 6). This signifies that deexcitation of the' Mg levels in this energy range must occur by
neutron emission to T = —,

' levels of "Mg, as indi-
cated in Fig. 15. Since the ground state of ' Mg
has T = 1, dipole radiation can excite levels with

isospin T = 1 or T = 2. T = 2 levels mould decay
only to T =-,' levels in "Mg. Hence, levels in the
range of 18.9 to 23.1 MeV must belong to a group
having T = 2. A pair of levels in "Mg at energies
of 7.793 and 7.873 MeV are known to be T =

& lev-
els." The splitting of these levels appears in the
neutron spectra measurements of Wu et al. which
identifies them with the energies of excitation
above 18.9 MeV.

Above the (y, 2n) threshold (18.42 MeV), there
is sufficient energy left in the residual nucleus to
deexcite by ejection of a second neutron, but deex-
citation of T = 2 levels in the energy range between
18.42 and 18.89 MeV must occur by a transition
from a T=2 level to a T=-,' level by neutron emis-
sion. Such a transition is forbidden by the T-se-
lection rule. Since the first T =-,' levels in "Mg
require approximately 18.9-Me V excitation, tran-
sitions below this energy could only remain high-
ly forbidden. Thus, the low (y, 2n) cross section

just above threshold and until an excitation ener-
gy above 18.9 MeV is reached confirms the T = 2

assignment of the states in this energy region.
The deexcitation of the T= —', levels in "Mg must

occur through emission of a neutron to a T=0 lev-
el at or near the ground state of ' Mg. (This must
occur since the first T =1 level in "Mg is at ap-
proximately 9 MeV above the ground state. } Such
a transition is also forbidden by T-selection rules.
An explanation must be sought through mixing of
the isospins of the T =-,' levels of "Mg with T = —,

'
components. This has been discussed by Herman,
Baglan, and Bowman, " in which it is shown that
the T =

& levels at 7.793 and 7.873 MeV are not ab-
solutely pure, and such mixing does occur. Above
the excitation energy required for emission of two
neutrons, single-neutron emission from ' Mg still
can occur because of y-ray emission from the T
= —, doublet in "Mg, in competition with the emis-
sion of a second neutron. Thus, the ratio of the
integrated cross sections for o(y, n) to o(y, 2n)
[above the (y, 2n) threshold] represents roughly
the ratio of the probabilities of decay of this dou-
blet by y-ray and neutron emission, i.e., the ra-
tio of(y) to(l „). From Figs. 4 and 5, it appears
to be approximately unity. This is in agreement
with the previous observation" that the lower lim-
it for this ratio is about 0.7.

The present work, combined with that of Wu,
Firk, and Berman, "establishes a grouping of the
dipole states of Mg, whereby those below about
18 MeV have T = 1 and those above 18.4 MeV and
below at least 23 MeV have T =2. Such a group-
ing agrees with the theory of Fallieros" (for a
spherical nucleus}, who predicted that the separa-
tion between these two groups should be approxi-
mately 5 MeV for ' Mg. This agrees with the pres-
ent data if the centroids for the two groups are
taken to be about 1'7 and 22 MeV. This grouping
also was observed by Titze, Goldmann, and
Spamer" from electron scattering data on "Mg.

The ratio of the integrated cross sections for
the T= 2 group to the T = 1 group appears to be ap-
proximately 2 (Fig. 6) if the cross section above
23 MeV is included in the T = 2 group. However,
the isospin sum rule of O' Connell, Gibson, and
Hayward predicts that this ratio should be only
0.8. This might be explained if the cross section
immediately above about 23 MeV does not arise
from T =2 states, but rather from another, pos-
sibly overlapping, concentration of T = 1 strength
which was displaced through the deformation of
the ground state. In a similar manner, one might
expect a fourth concentration of strength centered
about 5 MeV above the short-axis deformation
peak in the cross section (at 25 MeV), at about
30 MeV. Further measurements are needed to
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examine this concept of double splitting.

V. SUMMARY

The photoneutron cross sections for 2~Mg and
~Mg have been measured with monochromatic y
rays, having energies up to 28 MeV and a resolu-
tion of approximately 2$. The cross sections
have considerable structure throughout the giant-
resonance region in both cases. The energies of
the observed peaks agree well with those ob-
tained from electron scattering and from neutron
time-of-flight data. The distributions of the ra-
diative transition widths of ' Mg and ' Mg were
examined by means of a Porter- Thomas analysis
and have been shown to agree closely with those
expected for a single degree of freedom in both
cases. Most of the transitions through neutron
emission from '4Mg excited states up to 20 MeV
appear strongly in the ground-state cross section.
Transitions from ' Mg excited states above 18.4
MeV and below 23 MeV are known to be non-
ground state, as established by the present work
in combination with that of Wu, Firk, and

Berman. " These combined results also establish
a grouping of the levels of '6Mg, whereby those be-
low about 18 MeV have T = 1 and those above 18.4
MeV but below about 23 MeV have T = 2. The in-
tegrated cross sections are given in Table II and
are consistent within experimental errors. The
structure observed in the (y, 2n) cross section of

Mg reflects the same features as seen in the
(y, n) cross section; such structure had not been
observed previously.
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The bound states of ttNa have been studied using the ttNe ( He, d)ttNa reaction at a bombard-
ing energy of 18 MeV. Angular distributions of the deuterons have been compared with dis-
torted-wave Born-approximation predictions. The resulting spectroscopic factors are com-
pared with those calculated using the rotational and shell models. ( He, d) spectroscopic fac-
tors for T =1 final states in Na are compared with (d,p) spectroscopic factors from a Ne-
(d,p) Ne study. The levels of Na are discussed in terms of Nilsson configurations and as-
sociated rotational bands.

I. INTRODUCTION

Na is an example of a deformed, odd-odd nu-
cleus. Recent studies indicate that the nuclei in
the region of mass 20-24 are among the most de-
formed nuclei known. ' ' The rotational model
has had considerable success in describing the
collective properties of the odd-A and even-even
nuclei near mass 22.' " In this model, "Na is
described as a proton and a neutron moving in a
prolate deformed potential created by the remain-
ing core nucleons. The low-lying states of Na
should then correspond to placing the odd proton
and neutron in the lowest available ¹ilsson or-
bital, ""0' = -, ', [Nn, A] = [211]. The energy sepa-
ration of the resulting 3' (ground state) and 0'
(E„=0.657 MeV) states have been explained" "in
terms of the residual neutron-proton interaction
and the Nilsson model. The . iw-lying states in
"Na have been described as rotational bands based
on the (-,"[211])'Nilsson configuration. ' ' " A
negative-parity band' "has also been suggested.
These bands are summarized in Table I.

Experimentally the energy levels of 'Na up to
8 MeV were established by the Na('He, o.)"Na
and "Mg(d, a)"Na reactions. " The spine, parities,
and y-ray branching ratios of the states of "Na
below 4.2 MeV are known principally from y-ray
decay studies' " " ~ and lifetime measure-
ments. ' ' "" ~ Additional spin-parity assign-

ments were recently made in a study of the "Ne-
('He, p) reaction. ' The "Na(p, d) reaction, "the
"Na(d, t) reaction, 'a" and the "Ne('He, t) reaction"
have also yielded information for some of the low-
lying levels of "Na. The previously known spins
and parities of "Na below 5.2 MeV are summar-
ized in Fig. 1.

The single-nucleon stripping reaction has not
been performed previously because of the diffi-
culty in preparing a mass-21 target. The stable
nucleus of mass 21, "Ne, is only present as
0.27% of natural Ne and has only recently become
available in enrichments &50%. In the present
study the "Ne('He, d)"Na reaction was performed
at an incident energy of 18 MeV using a target of
86.5% "Ne. The angular distributions of deuteron
groups have been compared with distorted-wave
Born-approximation (DWBA) predictions. The
resulting experimental spectroscopic factors were
then compared with predicted spectroscopic fac-
tors calculated using Nilsson model and shell-
model wave functions.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The "Ne('He, d)"Na reaction was studied at an
incident energy of 18 MeV using a 'He beam from
the University of Pennsylvania tandem Van de
Graaff accelerator. Reaction products were mo-
mentum analyzed at 12 angles between 7-,' and 90'


