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Cross sections for various reactions induced by beams of 'H and H ions on targets of natural Mg, Al, and Si
were determined from observations of the radioactive product y rays. 'H energies between 14.5 and 27.0 MeV
and 'H energies between 8.7 and 18.0 MeV from the University of Colorado cyclotron were used.

NUCLEAR REACTIONS Observed nuclear y rays, obtained o(E, ), ~(E2 ) on
natural targets Mg, Al, and Si; E&„=14.5-27.0 MeV, E2 „=8.7—18.0 MeV.

I. INTRODUCTION

Recent interest' in sd-shell nuclei has resulted
in considerable experimentation"' with these nu-

clei. Investigators would be aided in designing
and optimizing their experiments by accurate mea-
surements of the excitation functions for the vari-
ous reactions involving the sd-shell nuclei. Most
of the excitation functions in this region of the
chart of nuclides have not been measured and most
of those which have been measured have not been
measured using contemporary equipment and tech-
niques (see, for example, Ref. 4).

This work, using projectiles of 'H and 2H over
the energy ranges of 14.5 to 27.0 MeV and 8.7 to
14.0 MeV, respectively, and a companion work'
using projectiles of 'He and He over the energy
ranges 10.0 to 41.0 MeV and 10.0 to 37.0 MeV,
respectively, are attempts to improve this situa-
tion.

II. EXPERIMENTAL PROCEDURE

Targets of natural magnesium, aluminium, and
silicon were irradiated by beams of 'H and 'H from
the University of Colorado 52 in variable energy
cyclotron. The beam energies employed were
14.5, 18.8, 22.8, and 27.0 MeV for 'H and 8.7,
14.0, and 18.0 MeV for 'H. These beam energies
were selected from established tunes at the cyclo-

tron facility and the energies checked to confirm
that long term energy drifts had not occurred since
previous measurements of the tunes.

The projectile energies listed in the tables are
corrected for energy loss in an intervening Havar
window. Range and energy losses in the windows
and targets were calculated using a technique
described by Zaidins. '

The targets of aluminium and magnesium were
prepared from natural foils. The thicknesses of
these targets were precisely determined by weigh-
ing regular geometric shapes cut from the foils.

The silicon targets were prepared by hand lap-
ping disks of detector grade silicon to the desired
thicknesses. These thicknesses were measured
in two separate ways. First, the thickness of each
target was measured at various places on the disk
with precision calipers. Second, the thickness
was determined by measuring the diameter of the
disk and weighing the disk on a precision balance.
In all cases the two methods resulted in very good
agreement.

An uncertainty of 10% in the thickness was as-
signed to all targets. This was considered a con-
servative estimate and the value of 10% was used
in all subsequent calculations.

The targets were moved from the irradiation
area inside the cyclotron vault to a well shielded,
low background counting area outside the vault by
a pneumatic shuttle. ' The shuttle system had been
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recently modified' to better accommodate experi-
ments such as this one. Among these improve-
ments was the installation of a Faraday cup' which
eliminated the necessity of basing the cross sec-
tions on the measurement of a calibrating reac-
tion by providing a direct measurement of the
beam current. The beam was monitored when the
target was in the counting room and an average
beam was calculated from an integrated beam
current.

Four sequential energy spectra 6.4 sec long
were obtained so that the half-lives as well as the
energies of the various P-delayed y rays could be
determined. This made identification of the P-
decay products more certain.

The spectra were obtained using a well shielded
34 cm3 cylindrical Ge(Li) detector. Between the
target and the detector there was placed 2.54 cm
of lucite to attenuate unwanted low energy y rays
and electrons. A Nuclear Data 50-50 multichannel
analyzer system was used to store the four spec-
tra. The irradiation and transportation of the tar-
get and the counting of P-delayed y radiation
from the target were automatically repeated in a
cyclic manner until sufficient data for analysis had
been accumulated. Then the run was terminated
and the data were transferred electronically into
the memory of a PDP-9 computer where prelim-
inary analysis was performed. Each y peak was
fitted to a Gaussian peak with a selected back-
ground using a least-squares technique. The peak
areas and the peak locations were thus deter-
mined.

Energy and efficiency calibrations of the detec-
tor were made employing the actual counting ge-

ometry of the experiment. The calibrations were
accomplished using sources from the IAEA lab-
oratories and decay information from the paper by
Zarnowiecki. '

In many cases the final product nucleus could be
obtained from several different processes. In such
cases the reactions assumed to contribute were
those which were energetically more favorable.
The results based on these assumptions are pre-
sented in the tables. Where possible, absolute
cross sections for the formation of a particular
product were based on several different y ray ener-
gies and in some cases on the double escape peaks.

The branching ratios and half-lives used in this
paper are those reported by Endt and van der
Leun ' except values for Al and P are those
reported by Detraz.

The cyclic nature of the experiment precluded
the calculation of the absolute cross sections from
the experimental data in a straight forward manner.
Equation (1)was used to determine the cross sections:

C exp(kt )M'A(T, 8S)
eBQX0.0376T,[l —exp( —XT,.)]

exp[(M —1)XT][1—exp(XT)]'

1 —(M+ 1)exp(MXT) +Mexp[(M + 1)XT]

where C is the total y-peak area, X is the decay
constant for the y under investigation; M is the
total number of cycles in the run; T, is the total
count time per cycle (sec); A is the gram atomic
weight of target material; E is the absolute effi-
ciency of the detector at the energy of the y ray

TABLE I. Absolute cross sections (mb) for the formation of various isotopes resulting from protons incident on
natural Mg.

Product

Lab proton beam energy spread within the target
13.3-14.0 17.8-18.4 21.9-22.5 26.3-26.7

(MeV) {MeV) (MeV) (MeV)
Contributing

reactions

Lab
threshold

energy
(MeV)

Na

22Mg

23Mg

"Na

'4A1

84.5+ 9.5 61.3 +5.8

5.2 + 0.4

1.20 + 0.09

7.0 + 0.5

59.8 +6.5

40.0 +2.9

4.20~ 0.27

6.6 + 0.5

0.64 + 0.04

0.21+ 0.11
86.2 +6.5

7.31+4.8

5.1 + 0.4

1.62 + 0.11

M g(p, 4He)

2~Mg(p, n 4He)21Na

Mg(P H) Mg
24M g(p d)23Mg
24M g(P, nP)23Mg

Mg(P, 3H) Mg
Mg(p, ed) Mg

25Mg(p, 2np) 23Mg

Mg(p 2p) Na
26M g(p, 3He) 24Na

26Mg(p pd)24Na

"Mg(P, @n)'4Na
Mg(p n)

25Mg(p, 2n) 24Al

Mg(p, 2n)25Na

7.2
14.9
22.1
14.9
17.2
16.0
22.6
24.8
12.6
16.0
21.7
24.0
15.2
22.8
14.7
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TABLE II. Absolute cross sections (mb) for the formation of various isotopes resulting from protons incident on
natural Al.

Product

Lab proton beam energy spread within the target
13.5-14.0 18.0-18.4 21.7-22.5 26.0-26.7

P/leV) (MeV) p/leV) p/leV)
Contributing

reactions

Lab
threshold

energy
(MeV)

2SMg
26

2 ZSi

0.10+0.07 0.7+ 0.4

152 + 15 106 + 11

2.9+ 0.3

42.7+ 6.5

10.2+ 0.9
0.5+ 0.1

41.1+ 7.1

"Al(p, n'He)"Mg
27A1(p 2')26$i
2?A1(p g)27$

1S.S
19.6
5.8

being investigated; B is the branching ratio for
the y of interest expressed as a decimal fraction;
Q is the total charge collected by the Faraday cup
(in units of 10 "C); X is the target thickness
(mg/cm'); T, is the total live time of the analyzer
for the memory group under consideration; T, =T,
—0.511, time beam is actually incident on the tar-
get in each cycle; T is the total length of time for
one cycle (sec); t=T, +2G S+in(2X S/
[1—exp(- 2XS)])/X, time after the beginning
of a cycle at which the y radiation has its "aver-
age" value; S is the multiscalar advance time;
G is the number of the memory group under con-
sideration; and T, is the time for the rabbit to
move from the irradiation area to the counting
area. The development of the cross section equa-
tion is presented in detail by Frantsvog. '

III. EXPERIMENTAL RESULTS

The absolute cross sections listed in Tables
I-VI are for the formation of the various products

from the naturally occurring isotopic mixtures of
the targets. The beam energy spreads listed in
the tables result from the degradation of the beam
energy in the targets and are expressed in the
laboratory system.

In the tables, the contributing reactions were
determined by considering all possible channels
for the formation of the various products from all
of the stable isotopes of the targets and then delet-
ing those which were not energetically possible
for the most energetic projectiles used in this
experiment. The determinations were made by
first calculating the thresholds for each of the re-
actions using values from Ref. 13 and then con-
verting these energies to the laboratory system
to facilitate comparison with the incident beam
energies. Cross sections for several products
that might have been expected from the energy
considerations were not measured.

Measurements of the cross sections for the pro-
duction of "Na from protons and deuterons on

TABLE III. Absolute cross sections (mb) for the formation of various isotopes resulting from protons incident on
natural Si.

Product

Lab proton beam energy spread within the target
12.9-14.0 17.4-18.4 21.4-22.5 25.8-26.7

(MeV) P/leV) P/leV) (MeV)
Contributing

reactions

Lab
threshold

energy
(MeV)

25Al

27$i

28A1

28p

»Al
29p

34+ 18 55 +28 28 + 14 6.9+ 3.5

38.2+ 12.0 28.4+ 2.4 45.5+ 5.1

0.42+ 0.03 2.9+ 0.3 2.3+ 0.1

6.8 +1.0 11.3+ 1.3 4.3+ 0.6

0.028 + 0.012 0.31+ 0.04 0.25+ 0.04
0.018+ 0.002 0.18 + 0.05 0.36 + 0.07 0.78+ 0.33

2 Si(p 4He)25A1

29Si(p, s4He)25

28$i(p, d) 27$x

28Si(p, np)27$i
2 Si(p, SH)27Si
29Si (p gd) 27$
2 $j(p 2')27$
2 Si(p, 2p)28Al
s0$i(p sHe)28A1

"Si(p,pd)28A
SOSi(p, 2ps)28A1
28$i (p g)28P
29Si(p, 2 Pl)28p

SOSi(p, 2p)29A1
28$i(p ~)29P
29$j (p pg)29p

SOSi(p 2g)29p

8.0
16.7
1S.S
17.8
17.8
24.3
26.6
12.8
15.7
21.4
23.7
1s.1
23.8
14.0
0.0
5.9

16.9
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TABLE IV. Absolute cross sections (mb) for the formation of various isotopes resulting from deuterons incident on
natural Mg.

Product

Lab deuteron beam energy spread within target
5.2-7.6 11.8-13.2 16.2-17.3
(MeV) (MeV) {MeV)

Contributing
reactions

Lab
threshold

energy
(MeV)

24Na

"Na

25Al

2ZMg

28Al

18.2 + 1.9

290 ~ 131

83 + 10
0.29+ 0.06

24.0 + 2.0

0.52+ 0.17

178 + 20

56 +5
0.15+ 0.03

26.5 +2.4

0.38+ 0.05

65 +8

22 +3
0.03+ 0.01

24Mg(d, 2p)24Na
5Mg (d, SHe) Na

25Mg(d pd)24Na

Mg(d, 2pn) Na

6Mg(d, 4He)24Na

5Mg(d, 2p) 5Na

6Mg(d, sHe) 5Na

26Mg (d,pd)25Na

Mg(d n) Al

Mg(d 2n) Al
26Mg (d p)27Mg
26Mg (d ~)28A1

7.5
7.1

13.1
15.4
0.0
5.7
9.3

15.2
0.0
7.8
0.0
0.0

magnesium were not undertaken because of the
background radiation from "Na produced by the
cyclotron. All targets were also contaminated
to some degree with Na and, therefore, an un-
determined contribution to the "Na activity from
the reaction "Na(p, d)"Na was present.

One might also expect the formation of "Al for
protons and deuterons on all of the targets but it
was not observed. This is attributed to the fact
that "Al has two isomeric states, one decays by
P emission without the emission of y rays and the
other, while it does produce y rays upon P decay,
has a half-life of 7.4 x 10' yr, resulting in ex-
tremely low intensity radiation. An upper limit
on the intensity of the radiation was determined
to be 0.01 counts per sec.

The production of "Al is energetically possible
for protons on all targets and deuterons on targets
of Mg and Si. Cross section measurements were
not undertaken although, at least in some cases,
y radiation was observed at the proper energies
for "Al. The observed radiation had a half-life
longer than that of "Al (T«, = 7.23 sec) so that a
contribution to the activity from 'Na (T«, ——50

sec) was suspected. Separation based on the half-
lives was not possible because of the extremely
low intensity of the radiation.

"P from protons and deuterons on Si, "Si from
protons and deuterons on Al and Si, as well as
"Si from deuterons on Si are all energetically
possible but none were observed experimentally.
A combination of low cross sections and low
branching ratios was probably the cause.

Although "Mg was observed in some cases, the
reaction 24Mg(d, 'H)2'Mg (Et~ «~—- 11.1 MeV) did not
result in measurable radiation for incident deu-
teron energies up to 1'?.3 MeV. Since the branch-
ing ratio for the 439.9 keV y ray is 8.7% and the
isotopic abundance of "Mg is about 79%, one may
conclude that the cross section for this reaction
must be very low. Calculations indicate the upper
limit to be about 1 mb.

Some unexpected products were also observed.
For protons of less than 15.5 MeV incident on
natural Al, the production of "Mg is not expected
(see Table II). However, there is a very small
cross section with a large uncertainty measured
for protons with energies between 13.5 and 14.0

TABLE V. Absolute cross sections (mb) for the formation of various isotopes resulting from deuterons incident on
natural Al.

Product

Lab deuteron beam energy spread within target
5.9-7.6 11.0-13.2 15.6-17.3
(MeV) (MeV) (MeV)

Contributing
reactions

Lab
threshold

energy
(MeV)

24Na

27Mg
27Sx

28A1 1000+ 60

2.9+ 0.3
5.1+ 0 4

280 + 20

19 +1
14.6+ 0.9
24.1+ 8.0

200 + 20

"Al(d,p 4He)'4Na
7A] (d 2P)27Mg

27A1(d, 2 n)278i
27A1(d p)28A1

5.8
4.4
8.4
0.0
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TABLE VI. Absolute cross sections (mb) for the formation of various isotopes resulting from deuterons incident on
natural Si.

Product

Lab deuteron beam energy spread within target
2.1-7.6 9.5-13.2 14.3-17.3

(MeV) (MeV) (MeV)
Contributing

reactions

Lab
threshold

energy
(MeV)

28A1

29p

3.0 + 0.4 15.7 + 1.7 43.4 + 4.7

0.37+ 0.09 0.36+ 0.05 0.003+ 0.001

179 +25 64 +8 81 +10

28Si(d, 2p) 28A1

Sj(d, 8He)28Al

9Si(d,pd) 8Al
29Si (d, 2pn) 28A1

30Si(d, 4He) Al
9Sj(d, 2p) A]
Si(d, 8He)2 Al

80S j (d,pd) 29Al

Sj(d, 2pn) 9A1

28Sj(d g)29p
29Sj(d, 2 pg)29p

6.5
7.3
8.7

15.5
0.0
5.5
8.5

14.4
16 ~ 8

0.0
8 ~ 5

MeV. A possible explanation might be that the
targets were contaminated by Na from the hands
of the experimenters yielding the very small
amounts of "Mg observed at the lower energies
from the reaction ' Na(p, n) 'Mg (Et„,~b=5.0 MeV).

In Table III no cross section is recorded for the
lowest beam energy for the production of "Al,
although low intensity y radiation was measured
and identified to be from "Al for these beam en-
ergies. This is because the proton energies range
from 12.9 to 14.0 MeV in the target and the thresh-
old for the reaction "Si(p, 2p)"Al is 14.0 MeV in
the laboratory system. It is thus impossible to
determine with a reasonable degree of certainty
how much of the target was exposed to protons
which had energies above the threshold for the re-
action. This precludes the determination of a
meaningful cross section for this case.

Due to the rather thick Si targets used, the deg-
radation of the energy of the deuteron beam in the
target resulted in the wide energy ranges indicated
in Table VI. For the lowest beam energy used
this energy spread is from 2.1 to V.6 MeV. The
threshold for the reaction "Si(d, 2p}"Al was cal-
culated to be 5.5 MeV (lab system), thus only
about 40% of the target was exposed to deuterons
with energies above the threshold for the reaction.
Accordingly, in the calculations for this cross
section, the target thickness was taken to be 40%
of the actual physical thickness.

The information in the tables is presented in
such a manner that the interested reader can
readily determine more specific information in
some cases. For instance, from Table I, "Na
can be produced from the reactions Mg(p, o')"Na
and "Mg(p, no.')"Na over the energy range inves-
tigated. Indeed, most of the cross sections re-
corded probably represent contributions from both

reactions; however, for the lowest beam energy,
only the former reaction can contribute. Equation
(2) takes into proper account the isotopic abundance
of the target isotope ' Mg (I» —-0.79) so that the
absolute cross section for the specific reaction

Mg(p, a)"Na can be found to be (107+12) mb
over the energy range 13.3 to 14.0 MeV.

o„,= (1/I~a}o„, ,

where o„, is the cross section for the formation
of the particular isotope, I» is the isotopic abun-
dance of the isotope in the naturally occurring
element expressed as a decimal, and 0„, is the
cross section for the formation of the product
from the natural element.

IV. DISCUSSION AND CONCLUSIONS

Absolute cross sections for the reaction
'Mg(p, 2p)' Na have been measured by Cohen,

Reynolds, and Zucker' and by Meadows and Holt. "
Meadows and Holt used a separated target, where-
as Cohen et. al. used natural Mg. A comparison of
the present work thus can easily be made with the
results of Cohen et al. by using formula (2) to find
the cross sections for the target isotope "Mg. The
resulting agreement is good and is shown in Fig. 1.
The differences between the results of Meadows and
Holt and Cohen et al. appear to be due to the reac-
tion 'Mg(p, 'He)' Na. A subtraction of the cross
sections found by Meadows and Holt from those
reported by Cohen et al. could be used to determine
cross sections for the reaction "Mg(p, 'He)' Na.
The information presented in this work could be
used in a similar manner to extend the determina-
tions to higher beam energies than were used by
Cohen et al. From a cursory examination it ap-
pears that the uncertainties involved should be of



13 EXCITATION FUNCTIONS OF REACTIONS INDUCED BY 'H. . . 981

the order of 30'%%up.

A comparison of the results of this work and
those of Cohen" for the reaction ' Si(P, 2P) 'Al
can be made by assuming that the only contributing
target isotope is "Si and converting the cross sec-
tions given in Table III according to equation (2).
This has been done and the results are presented
ln Flg. 2.

Cohen used an enriched target and claimed good
reproducibility for his results which would refute
any possibility of a nonuniform target thickness.
The targets used here were of natural Si of well
established thicknesses. The use of natural tar-
gets allows the possibility of "Si(P, 'He)"Al con-
tributing to the activity, which was assumed to be
entirely from the reaction '9Si(p, 2p)2'Al. If the
former reaction did contribute, the corrected
cross sections wouM be smaller than those
presented in Fig. 2 resulting in poorer agreement.

The threshold for the "Si(p, 2p)"Al reaction is
12.8 MeV (lab) and the proton Coulomb barrier is
about 5.1 MeV, hence one would not expect an ap-
preciable cross section until the proton beam en-

ergy is well above 12 MeV. This energy is more
consistent with the present work than with the
results of Cohen. A further consideration can be
made by comparing the excitation functions found
here and by Cohen to the excitation function of a
similar reaction. The reaction ' Si(P, 2P) Al
might be considered such a similar reaction.
This excitation function and that found for the pro-
duction of "Al in the present work agree favorably
in both energy dependence and magnitude when the
isotopic abundances are taken into account while
the excitation function for the same reaction found

by Cohen differs significantly. A study of Cohen's
paper gives no indication as to why this discrep-
ancy exists. Likewise, a careful study of the
present work indicates no reason to suspect that
the results reported here might be invalid.

The 2'Al(d, Pa)'~Na excitation function has been
measured by Clarke" and Batzel, Crane, and
O'Kelley, "and the present authors and the results
of all three works are given in Fig. 3. The three
works are in fair agreement. Both Clarke and
Batzel et al. used P-counting techniques. All three
works are consistent with the observation that

70-

60-

Mg (p, 2p) Na

A'E Y

Cohen, Reynolds,
and Zucker

I 75 — Si (p, 2p) A I

00 0
0

I50—

I I I I I I I I I I I I I I I
Q 0 I

50-
E

Meadows and
Holt

Q This work

X
X

0

~125-
E

ICE Y

0 Cohen

Q This work

|2 40-
C3
LLI
Cf)

30-
M
O
K
C3

20-

X

N

X

X
X

O
I I 00-
UJ
M

V)
v) 75-
O
K

50-

0
0 0

00

IO- 25-

0 9 I I IM I I I I I I I I I I I I I I I I I I

I 0 I 5 20 25 30 35
E (Me V)

0
I 2 I4 I6 IS 20 22 24 26 28 30

EI, (MeV)

FIG. 1. A comparison of the excitation functions ob-
tained by Cohen et al. (Ref. 14), Meadows and Holt (Hef.
15), and this work for the reaction ~Mg{p, 2p) Na. The
reaction Mg(P, He) Na is assumed to be ignorable.

FIG. 2. A comparison of the excitation functions ob-
tained by Cohen (Ref. 16) and this work for the reaction
9Si(P, 2p)28A1. The reaction +Si(P, 3He)28Al is assumed

to be ignorable.
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because of the threshold and the Coulomb barrier,
very low cross sections should be observed below
about 10.2 MeV.

No correction was made in this paper for the
knock-on neutron-induced 27A1(n, o.)'4Na reaction
because of the thin target assumption. Clarke
used the stacked foil method and found it necessary
to make this correction.

The thin target assumption may be subject to
some doubt in this case as is shown graphically in

Fig. 3 by the wide range of proton energies within
the target. Clarke's paper attributes nearly 30%
of the activity produced at deuteron energies of
11 MeV to the capture of neutrons produced by the
incident deuteron beam.

Na is among the contaminants of the natural Al
targets used in this experiment, and some contri-
bution to the cross sections at the lower energies
is expected from the 2'Na(d, P)24Na reaction which
could not be corrected for.

Figure 4 compares the results of this work with
Radicella et al."for the reaction "Al(d, 2P)"Mg
for beam energies up to 18 MeV. Radicella et al.
measured the P activity over a period of several
days in order to be able to separate the contribu-

I I I

28- a Al (d 2p) a
IHg

24-

20-

E

)IKEY

Radicella, Rodriguez,
Bord, ond Hit tmoir

X This work

0 I6-

UJ
V)

l2-
V)
V)
O

I I I I I

8 IO I2 I4 16 I8 20 22
E (Me V)

Al(d, p He) Na

0
0

FIG. 4. A comparison of the excitation functions ob-
tained by Radicella et al. (Ref. 19) and this work for the
reaction ~Al(d, 2P) ~Mg.

24-

20-
E

z
O 16-

LLI
V)

CO l2-
O
O

X

X

X

0
0

X

LJ

X
X 0

X 00

I 0 I2

0

I

l4

E, (Me V)

A'EY

X Clarke

Batzel, Crane, and
0 Kelley X

X

0 This work

0
0

l6

0

00

0

l8

tionsmadeby '~Na(T«2 ——15 h) and ' Mg(T, &, —-9.5
min). The resulting activities were then extrap-
olated back to give the activities at the end of the
irradiation period. The cross sections for the
formation of "Mg were calculated using the cross
sections and activities for the reaction
"Al(d, Pa)"Na found by Batzel et al."for nor-
malization. A small discrepancy between the

cross section found by Radicella et al. and that
found in the present work exists for the beam en-

ergy of 18 MeV. However, for the beam energy
of 18 MeV, the agreement between the present
authors and Batzel et al for the "Al(d. ,p'He)"Na
reaction, upon which the work of Radicella et al.
is based, is excellent (Fig. 3). Since the mea-
surements in this work for both the '4Na and the
"Mg were made in an identical manner, the "Na
agreement with Batzel et al. implies substantia-
tion of the cross sections calculated for "Mg as
well. The small difference between this work and

that of Radicella is probably due to the extrapola-
tion or separation processes of Radicella.

FIG. 3. A comparison of the excitation functions ob-
tained by Clarke (Ref. 17), R. E. Batzel et al,. (Ref. 18)
and this work for the reaction Al(d, p He) Na.
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