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Targets of magnesium oxide, enriched in Mg?® and Mg?® content, have been bombarded by 1.8-Mev
deuterons. Proton and alpha-particle groups observed at an angle of 90 degrees to the incident beam have
been studied with a high-resolution magnetic spectrograph. Eleven proton groups have been assigned to the
Mg?(d,p)Mg?® reaction; two proton groups were assigned to the Mg?¢(d,p)Mg?’ reaction; and three alpha-
particle groups were attributed to the Mg?(d,a)Na? reaction. The Q-values for the ground-state transitions
are 8.8802:0.010, 4.207£0.006, and 7.019-£0.013 Mev, respectively.

The following level excitations have been measured:

Mg?6: 1.825, 2.972, 3.969, 4.353, 4.863, 4.924, 5.270, 5.322, 5.502, and 6.147 Mev;

Mg?7: 0.987 Mev;
Na2; 0.43 and 2.07 Mev.

I. INTRODUCTION

HE element magnesium in its natural form has
three isotopes with the following abundances:
Mg?, 78.6 percent; Mg?, 10.1 percent; and Mg?, 11.3
percent. If natural magnesium is bombarded with
1.8-Mev deuterons, four reactions can produce charged
particles with energies greater than 4 Mev. These are
the Mg*(d,p)Mg?, Mg?(d,p)Mg*, Mg*(d,p)Mg”, and
Mg?®(d,a)Na® reactions. An investigation of the
Mg?(d,p)Mg? reaction, using magnetic analysis, has
been described in a separate publication.! The present
paper is concerned with the remaining three reactions.
The reaction energy for the Mg*(d,p)Mg? ground-
state transition has not been previously published. A
value of 9.06-£0.15 Mev may be calculated from the
masses listed by Mattauch and Flammersfeld.? Pollard
and Humphreys® reported levels of Mg? at 1.85 and
3.00 Mev from an investigation of the proton groups
from natural magnesium bombarded by -deuterons.

States of Mg?® can also be excited by means of the

Na®(a,p)Mg?® reaction. The results of several measure-
ments of this reaction have been summarized by Al-
burger and Hafner,* who list values of 0.44, 1.91, 2.85,
4.0, and 5.0 Mev for the level positions.

Allan et al.5 have reported a value of 4.214-0.10 Mev
for the Mg?(d,p)Mg* ground-state transition from a
study of the proton groups from an enriched Mg?
target bombarded by 0.93-Mev deuterons. No excited
states have been reported by Mg?.

The Mg?(d,a)Na® ground-state Q-value has been
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reported as 7.2 Mev® from a rough estimate of the range
of the alpha-particles.” An excited state of Na® at 3.03
Mev?® is observed from the beta-decay of Ne®. A pre-
liminary study of the inelastic scattering of 14-Mev
deuterons from sodium by the MIT Cyclotron Group®
indicated seven excited states of Na®, of which the two
lowest were 1.9 and 2.6 Meyv.

In view of the large ground-state Q-values of the
Mg?5(d,p)Mg?® and Mg?(d,a)Na?® reactions and the
paucity of precise data concerning the level schemes of
Mg?, Mg?", and Na®, it was decided to investigate the
charged-particle reaction products from the deuteron
bombardment of magnesium enriched in Mg? and Mg?8.
Bombardment of thin targets of natural magnesium has
shown! the presence of many charged-particle groups of
low intensity, which could not be assigned to the Mg
isotope. It was necessary to use enriched targets in order
to identify correctly these groups either with the Mg?s
or the Mg?8 isotope.

II. EXPERIMENTAL PROCEDURE

A beam of 1.8-Mev deuterons accelerated by the air-
insulated electrostatic generator at MIT was analyzed
by means of a 90-degree deflecting magnet. The deu-
teron beam was then used to bombard a thin target of
magnesium or magnesium oxide. A small fraction of the
charged particles emitted at an angle of 90 degrees to
the incident beam was deflected by the magnetic field
of a 180-degree focusing spectrograph and detected by
means of nuclear-track emulsions. Details of the experi-
mental arrangement have been published previously 1012
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On each nuglear-track plate, a small spectrum of
charged particles was recorded, covering a range of 10
percent in energy. By successively exposing a series of
such plates over a wide range of field strengths of the
spectrograph, a continuous spectrum of groups with
energies from 4.0 to 10.5 Mev was obtained from the
overlapping of several small spectra. The observed
track-density distributions were normalized to the
same beam exposure and area of plate counted so that
the observed relative intensities of the groups could be
correctly represented in the final plot.

A thin target of natural magnesium was prepared
by evaporating magnesium ribbon in vaccum onto a
platinum backing. The thickness of this target was 15
kev for the ground-state Mg?(d,p)Mg®® proton group
at 1.8-Mev deuteron bombarding energy.

The enriched material was obtained from the Stable
Isotopes Division of the AEC, Oak Ridge in the form
of magnesium oxide, in which the Mg? and Mg?® con-
centrations were considerably higher.than in natural
magnesium. Attempts to evaporate this compound in
vacuum were unsuccessful because of its high boiling
point. It was therefore not possible to prepare thin
targets of the enriched material in the usual way. The
method finally adopted did not give very thin targets
but was satisfactory for the present purposes. First,
the enriched material was finely ground in a procelain
crucible. A suspension of fine powder in acetone was
then prepared. In a few minutes, when the coarser
crystals had sunk to the bottom of the crucible, a
platinum backing was placed in the suspension a few
millimeters below the surface. After several hours, the
acetone evaporated, and a thin layer of magnesium
oxide had settled onto the target backing.

The Mg®0 target prepared in this fashion had a
thickness of 130 kev for the ground-state Mg?5(d,p)Mg?®
proton. group at 1.8-Mev bombarding energy. The
Mg2®0 target was 100-kev thick for the Mg?®(d,p)Mg*
reaction ground-state group. Precise determinations of
the Q-values of reaction groups observed from these
targets were not possible. However, these enriched
targets could be used to identify the proton and alpha-
particle groups observed from the thin target of
natural magnesium, for which Q-values could be cal-
culated with probable errors of 6 to 15 kev.

III. RESULTS
The Mg?5(d,p) Mg?® Reaction

The spectrum of proton groups with energies from
4.0 to 10.5 Mev observed from the bombardment of the
natural magnesium target by 1.8-Mev deuterons is
shown in Fig. 1A. This spectrum consists of two parts,
which are divided by a change in scale of a factor of five.
The proton groups with energies greater than 6.9 Mev
were recorded using beam exposures five times that
used for the lower energy region. The two parts of the
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spectrum were recorded on different occasions, resulting
in considerable uncertainty for the relative intensities
of the groups over the whole spectrum.

Several proton groups appear in the spectrum of
Fig. 1A that are attributed to contaminants of C2,
CB, N4, Si®8 and S®. The silicon and sulfur contami-
nants probably originate from the silicone stopcock
grease used in the vacuum system. Several of the re-
maining groups were attributed to the Mg*(d,p)Mg?s
reaction, as described in a separate publication.!
There remain several low intensity groups that can be
attributed to either the Mg? or Mg? isotope.

The proton spectrum in the same energy range ob-
served from the Mg?»®0O target is shown in Fig. 1B.
This spectrum was obtained from a series of plates
exposed consecutively using the same beam bombard-
ment. The relative intensities of the groups in Fig. 1B
are considered to be more reliable than in Fig. 1A.
However, since many of the groups overlap consider-
ably, it is difficult to estimate their relative intensities.

The Mg?0 target contained an isotopic abundance
of 86.8 percent Mg?® compared with the 10.1 percent of
Mg? in natural magnesium. Comparing Figs. 1A and
1B, it can be seen that eleven proton groups from the
Mg?0 target have increased considerably in intensity,
indicating they can be assigned to the Mg?(d,p)Mg?6
reaction. These groups are numbered (0) through
(10) and correspond to the ground state and ten excited
states of Mg?. It is possible that additional low-
intensity Mg?5(d,p)Mg?® groups were present which
were not detected in the spectrum of Fig. 1A because
of lack of intensity or in the spectrum in Fig. 1B
because of the poor resolution provided by the thick
Mg?0 target. The Mg?(d,p) group (4) does not stand
out clearly in Fig. 1A because it is situated on the
high energy slope of the intense Mg%*(d,p) group (1).
However, the intensity of this group from the Mg?0
target was sufficient so as to leave no doubt concerning
its existence. It is also noted that the proton groups
attributed to the Mg* and Mg?® isotopes are relatively
less intense from the Mg?0O target, as expected from
their isotopic abundances in the Mg?O target.

In Table I are listed the Q-values calculated for the
eleven proton groups assigned to the Mg?(d,p)Mg?¢
reaction, together with the resulting level positions for
Mg, A level diagram for Mg? incorporating these
results is shown in Fig. 3. No estimates have been
given for the relative intensities of the groups because
of the uncertainties already noted. Comparison has been
made with the levels in Mg?® listed in Alburger and
Hafner! from the Na®(a,p)Mg? reaction. The agree-
ment is quite good except for the level given at 0.44
Mev, which has been reported only once® while the
remaining levels have been observed by several groups
of experimenters. A Mg?(d,p)Mg?® proton group cor-
responding to this level would occur at Hr=452 kilo-

1. T. Motz and R. F. Humphreys, Phys. Rev. 74, 1232 (1948).
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Fic. 1. Proton groups from targets of natural magnesium and magnesium oxide enriched in Mg? and Mg?® content bombarded
by 1.8-Mev deuterons.

gauss-centimeters in Fig. 1B, where no trace of a
group was observed.

It is possible to estimate the ground-state Q-value
for the Mg®(d,p)Mg?® reaction from a combination of
other nuclear disintegration energies. By using the
Q-values for the Mg?(d,p)Mg? reaction (4.20740.006
Mev, as measured in the present experiment), the
Mg?"(8~)AI*" disintegration (2.624-0.06 Mev+15) and
the Al"(d,a)Mg® reaction (6.6944-0.010 Mev'2), to-

14( Benéf;s , Hedgran, and Hole, Arkiv Mat. Astron. Fysik 35A, No.
12 (194
15 A, Hedgran (private communication).

gether with the mass differences 2D?— He*(23.834-0.007
Mev'®) and 2H'— D*(1.443-4:0.002 Mev'®), a value of
8.87+0.06 Mev may be calculated for the Mg25(d, p) Mg?®
reaction. Since the highest energy Mg?(d,p)Mg?¢ group
observed in the present experiment had a measured
Q-value of 8.880+0.012 Mev, it is concluded that this
group represents the ground-state transition.

The Mg?é(d,p)Mg2? Reaction

In Fig. 1C are shown the proton groups with
energies from 4.1 to 5.9 Mev observed from an enriched

16 Li, Whaling,}Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951).
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Mg?%0 target bombarded by 1.8-Mev deuterons. This
target contained an isotopic abundance of 95.9 percent
of Mg?® compared with the 11.3 percent of Mg? in
natural magnesium. Two proton groups (0) and (1) are
clearly indicated, which are both assigned to the
Mg?(d,p)Mg? reaction. These groups were also ob-
served with considerably lower intensities from the
natural magnesium target. The measured Q-values of
these groups were 4.20740.006 and 3.3204-0.005 Mev,
corresponding to the ground state of Mg? and an
excited state at 0.9874-0.006 Mev. The Q-value for the
ground-state transition is in agreement with the
previously reported value® of 4.214-0.1 Mev obtained
from range measurements. The level at 0.987 Mev has
not been previously reported.

The Mg?(d,a) Na?? Reaction

In the upper curve of Fig. 2 is shown the spectrum
of alpha-particles with energies from 5.4 to 7.7 Mev
observed from the natural magnesium target bom-
barded by 1.8-Mev deuterons. The energies of these
alpha-groups are sufficiently high so that they cannot
be attributed to either the Mg* or the Mg?® isotope. In
order to verify the assignment of these groups to the
Mg?3 isotope, a similar spectrum was observed from the
enriched Mg»®0 target, which is shown in the lower
curve of Fig. 2. It can be seen that, in each case, the
intensity of the group is considerably greater from the
Mg?0 target, indicating that the groups may be attri-
buted to the Mg?(d,a)Na® reaction. The spectrum of
alpha-particles with energies from 4.0 to 5.4 Mev is not
shown, because the yield of Mg?(d,)Na® groups in

TaBLE L. Q-values for the observed proton and e-particle groups.

Mg?5(d,p) Mg?6 reaction

Mg?6 levels Mg?6 levels

Group Q-value (Mev) (Mg25(d,p) Mg?8)  (Na2(a,p) Mg?6)
(0) 8.8804:0.012 0 0
(1) 7.0554-0.015 1.8254-0.005 1.91
(2) 5.9084-0.008 2.97240.010 2.85
3) 4.91140.007 3.9694-0.010 4.0
(4) 4.5270.008 4.353-£0.011 ...
(5) 4.01740.009 4.86340.011 S
6) 3.956£0.007 4.9244-0.011 5.0
7 3.6104-0.007 5.27040.011 o
8) 3.5584-0.007 5.3224-0.011
) 3.378+0.007 5.50240.011
(10) 2.73340.005 6.1474+0.011
Mg26(d,p) Mg?" reaction
Group Q-value (Mev) Mg?7 levels
(0) 4.20740.006 0
(1) 3.32040.005 0.987-0.006
Mg?5(d,x) Na2 reaction
Na2 levels Na2 levels
Group Q-value (Mev) (Mg2?5(d, o) Na23) (Na%(d,d’) Na%®)
0) 7.019-£0.013 0 0
1 6.59240.015 0.427+0.018 S
2) 4.9464-0.012 2.073+0.015 1.9
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F16. 2. Alpha-particles from targets of natural magnesium and
magnesium oxide enriched in Mg? bombarded by 1.8-Mev deu-
terons.

this energy region was not sufficient to permit detection
in the present experiment.

The measured Q-values for the three Mg?(d,«)Na2
groups were 7.01940.013, 6.592+0.015, and 4.946
+0.012 Mev, corresponding to the ground state and
excited states of Na”® at 0.4274:0.018 and 2.07340.015
Mev, respectively. The level at 2.07 Mev probably cor-
responds to the 1.9-Mev level reported from inelastic
scattering of deuterons from sodium.® The level at 0.43
Mev has not been reported before. An attempt was
made to confirm the existence of this level by inves-
tigating the Na®(p,p’) and Na%®(d,d’) inelastic scattering
for bombarding energies of 1.8 and 2.0 Mev. The target
used for this investigation consisted of a thin layer of
sodium iodide evaporated in vacuum onto a 0.1-micron
nickel backing. No group of particles inelastically scat-
tered from the sodium-iodide target at 90 degrees was
observed with an intensity greater than 1 percent of the
elastically scattered group.

The Q-value of 7.019+40.013 Mev measured for the
Mg®(d,a)Na® ground-state transition is in agreement
with the early value of 7.2 Mev from range measure-
ments.®7 It is also possible to estimate this value
from a combination of the ground-state Q-values of the
Na®(d,p)Na* reaction (4.7314=0.009 Mev),2 the
Na*(8~)Mg* disintegration (5.51240.006 Mev),!5:17
and the Mg?(d,p)Mg? reaction,! together with the mass
differences 2D*—He* and 2H'— D The Q-value resulting
from this calculation is 7.05120.016 Mev, which is 32

17 K. Siegbahn, Phys. Rev. 70, 127 (1946).
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kev lower than the measured value, indicating that
there is some inconsistency between the nuclear reaction
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data and the Na?(8—)Mg* disintegration energy. How-
ever, the agreement is good enough to establish that the
Mg?5(d,a)Na® ground-state group has been correctly
identified.

IV. CONCLUSIONS

Investigation of the Mg?(d,p)Mg?S, Mg*(d,p)Mg??,
and Mg?(d,a)Na*® reactions using magnetic analysis
has indicated the presence of several reaction groups
not previously reported. In the case of each reac-
tion, the measured Q-values for the ground-state transi-
tions were in reasonable agreement with the Q-values of
other reactions linking the same nuclei.

The results for the Mg?5(d,p)Mg?® reaction indicated
ten excited states of Mg?® in a region of excitation from
0 to 6.2 Mev, of which six have not been previously
reported. A previously reported level®® at 0.44 Mev from
the Na%(a,p)Mg?® reaction has not been verified.

Included in the level diagram for Mg? (Fig. 3) are
three of the gamma-rays observed by Kinsey ef al.,®
from the capture of thermal neutrons by magnesium. If
these gamma-rays represent transitions from the cap-
turing state of Mg?® at 11.11 Mev to excited states as
indicated, then it is possible to compare their measured
energies with the corresponding Mg?5(d,p)Mg?® transi-
tions to the same excited states. After subtracting 2.23
Mev for the deuteron binding energy, the corresponding
Mg?5(d,p)Mg? Q-values are calculated to be 7.034-0.04,
5.934-0.03, and 4.924-0.04 Mev, in excellent agreement
with our measured Q-values of 7.05540.015, 5.908
+0.005, and 4.9114-0.007 Mev.

A hitherto unreported level at 0.9874-0.006 Mev in
Mg?¥ was found by investigating the Mg?®(d,p)Mg?
reaction. Excited states at 0.427-£0.018 and 2.073
=+0.015 Mev were found for the nucleus Na® from the
Mg?(d,a)Na® reaction. The level at 0.43 Mev has not
been reported previously.
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