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He-Ion Induced Reactions of Aluminum and Magnesium*
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The Al" (a,3p)Mg" and Mg" (a,2p)Mg" reactions produced by the bombardment of aluminum and
magnesium targets with 42-Mev He ions have been studied. The excitation functions fox these reactions
are presented. At 40-Mev He-ion bombarding energy, the cross section for the (o,,3p) is about 80 microbarns
and the peak yield of the (a,2p) reaction observed at 34 Mev is 1.65 mb. Excitation functions are also given
for the production of Na~ from the bombardment of aluminum with 30—42 Mev He ions, which proceeds
chiefiy through the reaction Al"(n, 2nn)N "a, and of Na'4 from the bombardment of natural magnesium,
primarily through the Mg" (n,np)Na'4 reaction.

I. INTRODUCTION values of the cross sections are based on a direct mea-
surement of the He-ion current to the targets or from
a comparison with other He-ion induced reactions set
to monitor the beam intensity.

'

~ XTENSIVE study of proton-induced reactions up
~ to cosmic-ray energies in a number of elements

has been carried out over the past decade. Disintegra-
tion of aluminum by protons, deuterons and He ions
to form products such as Na'4 Na" P', N" C",
lithium and beryllium isotopes, ' 5 and interactions of
aluminum and other nuclei with protons and He ions
to form radiochemically detectable He', ' ' '' have re-
ceived attention and produced interesting results with
rewarding glimpses of higher levels of understanding
about the extent of fragmentation, evaporation, and
direct mechanisms occurring in nuclear reactions.
Gugelot, in his survey of scattering and reaction ex-
periments, ' has discussed the extent of understanding
about the features of the reaction mechanisms. There
is far less data available on reactions induced by H
ions than by nucleons, and it seems advisable to exten
the investigation of the strong interaction of He ion
with nuclei.

In the present study, the results of some n
clear reactions produced in aluminum and magnesiu
by bombardment with He ions up to 42 Mev ar
presented. Excitation functions for the API(n, 3p)Mg
and Mgss(a, 2P)Mgss reactions and for the productio
of Na2' and Na'4-from aluminum and natural mag
nesium, respectively, have been measured. Absolut

II. EXPERIMENTAL

Thin foils of natural aluminum and magnesium were
bombarded for periods of several hours in the external
beam of the University of Washington 60-inch cyclo-
tron. SuKcient activities were produced with irradia-
tions of from 20 to about 60 microampere hours. In a
number of bombardments, the beam current impinging
on the target was measured with a Faraday cup
arrangement.

A. The Al" (Ir,3p)Mg" Reaction

* Supported in part by the U. S. Atomic Energy Commission.
$ Based on part of a thesis to be submitted to the faculty by
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e A target stack consisting of 0.001-inch 99.99% pure
d aluminum foils was exposed to a total beam of 39.3
s microampere-hours. Radiochemical processing of the

foils eliminated the interfering Na'4 activity as follows:
u- The targets were dissolved in 6M HCl with H202 in the
m presence of Mg++ carrier. Four Mg(OH)s precipitations
e served to remove the radioactive sodium isotopes.

Magnesium hydroxyquinolate was then precipitated by
n the method of Miller and McLennan' and weighed as

the dihydrate after heating at 105—110'C. The pre-
cipitates were mounted in the form of circular disks
with an estimated 2—3% geometry error. The gamma-
ray spectrum of the Mg"-Al' source, allowed to reach
equilibrium, was analyzed by means of a 128-channel
NaI crystal scintillation spectrometer. No contami-
nants were detectable, and the complete differential
pulse-height spectrum of one of the samples is shown
in Fig. 1. The gamma-ray peak at 1.78 Mev, following
the beta decay to the excited level of Si", is in 100%
abundance. " The gamma rays at 1.35 Mev and 0.95
Mev follow the beta decay of Mg" to excited states of

' C. C. Miller and I. C. McLennan, J. Chem. Soc. 1949, 656.
D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs.

Modern Phys. 30, 585 (1958).
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FIG. 1. Spectro-analysis of a radiochemically separated Mg'
yield from the APr(n 3P)Mgss reaction.

Al2'. The aluminum activity, counted on the 1.78-Mev
photopeak, was followed over a period of several days.
A standard Na" source was used for calibration pur-
poses. The efficiency for counting on the photopeak
was taken from the published efficiency curves for NaI."

B. The Mg" (rr,2P)Mg" Reaction

Natural magnesium rolled to about 3 mg/cm' and a
number of 0.0035-inch foils were irradiated for 3 hour
periods with He-ion beams having average currents
ranging up to 10 microamperes. After bombardment
the foils were dissolved in 6' HCl and three precipita-
tions of Mg(OH)& were performed by addition of con-
centrated NaOH and supplementary amounts of NaCl
carrier. The final step was a double precipitation of
MgNH4PO4 without sodium hold-back. The precipitate
was transferred to a filter tube and collected on a
weighed filter membrane. Following washings with
alcohol and ether, the precipitates were air-dried and
weighed to constant weight as MgNH4PO4 6H20. The
AP' activity was counted on the 1.78-Mev photopeak.

C. Production of Na" from Aluminum

The target consisted of a nu~ber of 0.001-inch alu-
minum foils with an arrangement of 0.0005-inch copper
foils in the stack for the purpose of monitoring the
He-ion beam by means of the 245-day Zn" activity
produced in the copper foils by the (cr,pl) reaction on
Cus' and by decay of the 5-minute Ga" from the
Cu '(n, 2')Ga" reaction. The Zn" yields were normal-
ized to the Cu(rr, 2rr)Ga '+Cul(cr, Pe)Znss excitation
functions of Porile and Morrison. " The monitor foils

were located at stack positions corresponding to ener-
gies in the 28—32 Mev region, where the Zn" yield is
nearly constant, in order to minimize errors due to
uncertainties in energy.

Zinc-65 decays" by electron capture (98.5%) and
positron emission (1.5%) with 44% of the disintegra-
tions proceeding to the 1.114-Mev excited state of Cu"
and 56% to the ground state. The 1.28-Mev gamma ray
of the 2.6-year Na" act;ivity was counted on the photo-
peak with a single-channel NaI scintillation spectrom-
eter. Absolute values were obtained by comparison of
this activity with the 1.114-Mev photopeak count in
the~monitor foils. Correction for differences in the
photopeak efficiency of the two gamma rays was taken
from the published e@ciency curves. No radiochemical
separations were required for this target, since the
interfering 15-hour Na', 21.3-hour Mg, and daughter
AP' activities were allowed to decay out for about two
weeks before counting. The interfering activities in the
copper foils vanished in a few weeks leaving the pure
Zn" spectrum. All samples were counted under the
same geometrical conditions.

TAaLE I. Cross sections for the production of Na" by bombard-
ment of natural magnesium by He ions.

Average He-ion
energy (Mev)

35.8
33.3
30.g

Cross section
(cm')

8.3 X10 "
1.6 X10 '8

0.65' 10-»

D. Production of Na" and Na" from
Natural Magnesium

A stack of 0.0035-inch magnesium and 0.0005-inch
copper foils was irradiated for approximately 26.5
microampere-hours. The copper foils, positioned in the
target for a maximum yield from the Cuss(rr, Pe)Znss
+Cus'(n, 2e) Ga" reactions, again monitored the He-ion
beam. The target was set in a bell-jar apparatus in
which the beam centerline passed through 0.002-inch
of stainless foil, 1.375 inches of air at 5 psi above
atmospheric pressure and 1.50 inches of helium at 5
psi below atmospheric pressure, to allow high beam
current through the target without melting it.

Absolute values for the cross section for the produc-
tion of Na" were measured at three energies by the
method described above and are given in Table I. In
the production of Na'4, the decay of the 2.75-Mev
photopeak was followed over a period of several days.
No interfering activities were present at this energy.
The photopeak efficiency was estimated by extrapola-
tion of the published curves. Energy losses in all foils
were computed from the range-energy curves and
range-energy equations for alpha particles. "

1 N. H, Lazar, R. C. Davis, and P. R. Bell, Nucleonics 14,
No. 4, 52 (1956).

"N. T. Porile and D. L. Morrison, Phys. Rev. 116, 1193 (1959).
"W. A. Aron, B. G. Hoffman, and F. C. Williams, Atomic

Energy Commission Report AECU-663 (unpublished).
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There is relatively little information available about
(42,2p) and (42,3p) reactions. Excitation functions for
the former in various nuclides at energies to about 40
Mev have been calculated on the basis of statistical
models by Porile" and by Sharma "while experimental
measurements have been carried out by Sharma, "by
Amiel, ' and by Porile and Morrison. "The calculated
functions are in general agreement with the measured
ones, and there is nothing to indicate that the reac-
tions do not proceed primarily by a compound nucleus
mechanism.

The Mg26(41, 2p)Mg28 reaction is not favored ener-
getically over the competing (n, P42) and (42,222) reac-
tions, the Q values for these three reactions being
—13.3, —12.3, and —8.4 Mev, respectively. The de-
pressing eGect of the Coulomb barrier, the relatively
high Q value, and the effect of nuclear type in the
competition with the (n,p26) reaction should account
for the observed small cross sections. The shape of
the function is in qualitative agreement with what one
expects; in particular it is similar to that of the
AP'(n, 2p)AP9 reaction, '6 both having peak yields at an
energy of about 34 Mev.

There have been no previous measurements of excita-
tion functions for (42,3P) reactions, and only one calcu-
lation, that for the reaction in Zn"."The similarity in

shape of this function and our measured one suggests
that a compound-nucleus mechanism is predominant
in Al2'. Evaporation theory has previously been shown
to be approximately valid even in light elements for
explaining the proton (p,2p) and nitrogen (N",2p) in-

duced reactions through the same compound-nucleus
(AP6) 18,19

No calculated excitation functions are presented for
the reactions reported here because the detailed shape
of the functions is too sensitive to choice of parameters
to make comparisons very meaningful. It is hoped that
more detailed treatment will be possible when further
excitation function measurements of He-ion induced
light element reactions are completed.

The cross section for the production of Na" from
aluminum rises sharply to a value of about 7 mb
at 40 Mev. A value of 5.2 mb has been observed'
previously at this bombarding energy. Small correc-
tions were applied for counting on the 1.28-Mev photo-
peak in the presence of the coincidence spectrum of
the 1.28-Mev and 0.511-Mev annihilation gamma rays.
The possible reactions producing Na" from the
He-ion bombardment of aluminum are APT(n, 24292)Na",
Al" ( &Be'4192)Na~, alld Al" (rrIme')Na". The first reac-
tion suggests that the incoming He ion may interact

'4 N. T. Porile, Phys. Rev. 115, 939 (1959).
"H. Sharma, University of California Radiation Laboratory

Report UCRL-1265 (unpublished).' S. Amiel, Phys. Rev. 116, 415 (1959)."B.L. Cohen, H. L. Reynolds, and A. Zucker, Phys. Rev. 96,
1617 {1954)."R. Nakasima, Y. Tanaka, and K. Kikuchi, Prog. Theoret.
Phys. (Kyoto) 15, 574 (1956).

TABLE II. Q values and approximate barrier heights for He-ion
induced reactions yielding Na~ and Na24 from bombardmenf. of
aluminum and magnesium.

Reaction

Al27 (n;2ne)Na~
Al' (n,Be's)Na"
Al27(n', Be9)Na~
Mg (, pn)Na~
Mg~ (n,nd)Na~
Mg~ (n,Li4)Na~
Mg»(n np2~)Na»
Mg" (n,nde)Na~
Mg (, r)Na
Mg" (n,Li7)Na'2
Mg" (n,Li"N)Na"
Mg" (n,Li6)Na~
Mg~ (n,pHe')Na"
Mg" (n,np)Na24
Mg26(n', np~)Na24
Mg" (n,nd)Na'4
Mg" (n,Li')Na
Mg26(n 2p)Mg2s
Ai2'(n 3P)Mg"

—g(Mev)

22.5
22.6
21.0
24.1
21.9
20.4
30.0
29.2
23.0
20.5
31.6
29.6
25.3
12.1
23.2
21.0
19.5
13.3
21.6

Barrier
(Mev)

11.0
9.4
9.3
9.5
9.1
7.4
9.3
9.0
8.7
7.8
7.7
7.2

10.7
9.4
9.3
8.9
7.3
84

12.9

—Q+barrier
(Mev)

33.5
32.0
30.0
33,6
31.0
27.8
39.3
38.2
31.7
28.3
39.3
36.8
36.0
21.5
32.5
'29.9
26.8
21.7
34.5

directly with an alpha-particle aggregate in the nucleus
with both emerging and leaving the residual Na"
nucleus with enough excitation energy for a neutron
to be given off. The two alpha particles may emerge
from the nucleus as a highly excited Be' fragment with
enough excitation energy imparted to the residual
nucleus for it to lose a neutron. Be' is unstable with
respect to alpha decay unless formed with an odd-
number spin. The third energetically possible reaction,
if occurring, will produce the stable Be' fragment.

Natural magnesium is an isotopic mixture of 78.8%
Mg", 10.1% Mg", and 11.1% Mg'6. The production of
Na" in the energy range 20—38 Mev may proceed from
many reactions. In view of threshold considerations (see
Table II) the chief contributions will come from the
Mg" (41 np42)Na" Mg" (rr rid)Na" and Mg" (42 Li')Na"
reactions. The cross section for the formation of
Na" from rnagnesiurn may be attributed to the
Mg" (rr,np)Na24 reaction below 30 Mev, with other re-
actions listed in Table II beginning to compete to an
unknown extent above this energy. A small contribu-
tion from the Mg (42,2P4)Na re2a4ction has been neglected
in the corrections. Foils in the rear of the target stack,
where the neutron Aux is reputed to be a maximum and
where the He-ion energy has been reduced below
thresholds of all reactions producing Na'4, showed a
small yield.

In contrast to the (n, 2p) and (n,3p) reactions, the
nature of the (rr, nn) and (rr,np) reactions would lead
one to predict a considerable contribution from a direct
interaction process at the nuclear surface. It is known" "
that the excitation functions from direct interaction
mechanisms often show an initial rise followed by a
very broad or Oat peak because the energy transferred
to the emerging particles is such that the residula
nucleus is left in a low-lying state and in general less
susceptible to further particle emission. The direct
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process in which the incident alpha-particle collides as
a whole with a surface nucleon knocking it out and
itself being scattered is a likely contributing mecha-
nism. On the basis of a statistical model the (n,nP)
reaction becomes possible when the alpha part. icle is
emitted with a low enough energy to leave proton
emission energetically possible.
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Energy Spectra and Angular Distribution of Photoneutrons from Carbon
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Energy spectra and angular distribution of photoneutrons from carbon are studied by irradiation with
a 30-Mev bremsstrahlung beam. The spectra exhibit a one structure from which the following levels in C~
may be distinguished: 21.4, 22.2, 22.9, 23.6, (24.3), 24.8, and 25.6 Mev. Many of these coincide with levels
found in the C''(y, p) and C'~(y, 3o) reactions.

Photoneutron emission occurs predominantly by transition to the ground state of C".
The angular distribution is of the form 1+1.5 sin 0 for all neutrons having energy L' &3 Mev. This

distribution agrees with that expected according to Wilkinson s independent-particle model for ejection
from the l=1 orbit.

1. INTRODUCTION
' 'N previous work" it has been shown that while the
~ ~ photoneutron emission from heavy nuclei occurs
mainly by evaporation, in a nucleus as light as oxygen
the direct process prevails in photoneutron emission.

The aim of present work is to study in some detail
the energy spectrum and the angular distribution of
photoneutrons from carbon. These data are needed in
order to study the prediction of direct interaction
theories and the levels in C". This work has been
suggested to us also by the analysis of the known data
on the photodisintegration of C"~'

' C. Milone, Phys. Rev. Letters 3, 43 (1959).' C. Milone and A. Rubbino, Nuovo cimento 13, 1035 (1959).' B. M. Spicer and A. S. Penfold, Phys. Rev. 100, 1375 (1959).
4 J. Goldemberg and L. Katz, Phys. Rev. 95, 471 (1954).
5 L. Katz, R. N. H. Haslam, R. J. Horsley, A. G. W. Cameron,

and R. Montalbetti, Phys. Rev. 95, 464 (1954).' G. C. Baldwin and G. S. Klaiber, Phys; Rev. 73, 1156 (1948).' R. Montalbetti, L. Katz, and J. Goldemberg, Phys. Rev. 91,
659 (1953).' R. Nathans and J. Halpern, Phys. Rev. 93, 437 (1954).' R. N. H. Haslam, H. E. Johns, and R. J. Horsley, Phys. Rev.
82, 270 (1951).' J. H. Carver and K. H. Lokan, Australian J. Phys. BO, 312
(1957).

"W. C. Barber, W. P. George, and D. D. Reagan, Phys. Rev.
98, 73 (1955).

'2 J. L. Lawson and M. L. Perlman, Phys. Rev. 74, 1190 (1948).
'3 L. L. Newkirk, Phys. Rev. 86, 249 (1952).
'4 R. Sagane, Phys. Rev. 84, 587 (1951)."L.W. Jones and K. M. Terwilliger, Phys. Rev. 91, 699 (1953).' B. P. Fabricand, B. Hallison, and J. Halpern, Phys. Rev.

103, 1755 (1956).
~r J. Halpern and A. K. Mann, Phys. Rev. 83, 370 (1951).' J. Halpern, A. K. Mann, and M. Rothmann, Phys. Rev. 87,

164 (1952)."C. Milone, R. Ricamo, and A. Rubbino, Nuovo cimento 5,
528 (1957).

As shown in Table I it may be observed that for the
photoneutrons from C": (i) the energy spectra have
not yet been studied; (ii) the angular distributions are
given only for angles 8 between 60' and 160"' and for
E~, ma~=23 Mev.

2. EXPERIMENTAL PROCEDURE

A cylindrical target of C of 40 g was irradiated
with a 31-Mev collimated p-ray beam of the B.H.
betatron of Turin. The photoneutrons were detected
by means of the proton recoil tracks in Ilford L4 plates
400 p thick, placed, respectively, at angles 0=30', 60',
90', 120, and 150' with the 7-ray beam. The experi-
mental arrangement was the same as that used in a
previous work. '7 The methods used for scanning the
plates with the (slow) and the (fast) method and for
analyzing the proton recoil tracks are described in
previous work. '8 The measured background'7 was
quite negligible.

~ W. C. Barber, W. R. Dodge, and J. Vanhuyse, Compt. rend.
congas intern. phys. Nucleaire, Juillet, 1958—Dunod, p. 630,
Paris 1959."S. Penner and J. E. Leiss, Phys. Rev. 114, 1101 (1959).

~ S. A. E. Johansson, Phys. Rev. 97, 434 (1955).
~ D. Walker, Phys. Rev. 84, 149 (1951).
~ I. V. Chuvilo and V. G. Shevchenko, J. Exptl. Theoret. Phys.

(U.S.S.R.) 32, 1335 (1957) )translation: Soviet Phys. —JETP 5,
1091 (1957)]."J.W. Rosengren and J.M. Dudley, Phys. Rev. 89, 603 (1953).". L. Cohen, A. K. Mann, B. J. Patton, K. Reibel, W. E.
Stephens, and E. J. Winhold, Phys. Rev. 104, 108 (1956).

2 V. Emma, C. Milone, A. Rubbino, and R. Malvano, Nuovo
cimento (to be published).

"G. Cortini, C. Milone, A. Rubbino, and F. Ferrero, Nuovo
cimento 9, 85 (1958).


