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- ABSTRACT

Alpha—pgrticle emission associated with the p-decay of

312 has been detected and the energy spectrum investigated. These

\
studies show that 1.3 + 0.4 percent of all decays of 82 1ead

12

to the second excited state of C° and 0.13 + 0.0L percent of the

decays lead to what is most probably a broad state of higher
excitation in 012. The most probable spin and parity assignments
for the second excited state appear to be J = 0*', and analysis

1= Be8 - Heh) = 278 + L kev,

12

of the alpha-spectrum yields Q(C
corresponding to an excitation energy in C™° of 7.653 + 0.008 Mev.
A new determinstion of the disintegration energy of Be8 yields
{;z(Be8 - ZHeh) = 93.7 + 0.9 kev and hence Q(Clz* - 3Heh) =

372 + L kev. Tt is concluded, from the general principle of
reversibility of nuclear reactions, that the second excited state
of 012 as predicted by Hoyle is of a ‘suitable character to act

as a stellar thermal resonance in the Salpeter process,

b 8

2He ==Be 3 Bes(m(,'y‘)(ﬁl2 under conditions expected in red giant

stars. The high-energy spectrum is consistent with 2 broad level
peaking at an excitation energy 10.1 + 0.2 Mev in 012 and having
a width at half maximum of F; 2.5 Mev. The most probable spin
and parity assigmments for this level are J = ot although J = 2+
cannot definitely be excluded; for J = 0+, the widf,h is approxi-

mately the Wigner limit.
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I. INTRODUCTION#*

Tt has been suggested (1, 2) that the fusion of three
alpha-particles into a 612 nnnleus‘and the subseguent formation of

016

> Nezo, etc. by successive (of,y) reactions play an important role
in the energy generaﬁion and element synthesis in red giant stars.
These processeé are believed to occur at‘a late stage of’the red
giant evolution in which gravitational contraction (3) has raised
the central temperature t0n~'108 dege K., and the density to ~ 10S
gm/cc. The rate of the fusion reaction into c'? is extremely
sensitive to the presence of resonances in the energy regions where
the interactions effectively occur, that is, of the order of thermal
energies attained in the stellar interiors. The existence of a

Be8 ground state level, therefore, greatly enhances tﬁe reaction
rate.over that expected for ordinary three-body collisions in the
absence of rescnances (1). This conclusion followed from experi-
mental measurements (4, 5, 6) which established the fact that

the Be8 wasy in fact, unstable to disintegration into two alpha-
particles but only by 95 kev with an uncertainty of about 5 kev.

This small center of mass energy thus guarantees a long lifetime on a

nuclear scale since the probability of barrier penetration is small.

#4 prior summary of much of this work hag been submitted for
publication in the Physical Review: ”Bl s 012, and the Red Giants"
by C. W. Cock, W. A. Fowler, C. C. Lauritsen, and T. Lauritsen.

Some sections of the report are reproduced here with only slight
modification.
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_ These circumstances give rise to a small but important equilibrium (1)
ratio of Be8 to Heh nuclei equal to ~v10:9 and the problem re-—

duces to finding the rate of the Be8(<=(,'r)cl2 reaction. Detailed
consideration of the reaction rates and of the resulting rela-

tive abundances of Heh, 012, and 016 led Hoyle (7) to the prediction

thatkthis reaction, in which 012 is produced, must also exhibit
resonance within its relevant energy region. The predicted
value for the resonance energy was 0O.33 Mev, corresponding to an
excited state in 012 at 7.70 Mev (7).

Hoyle's prediction of resonance was made in the face
of conflicting evidence in regard to the existence of an
excited state in 012 in the vicinity of 7.7 Meve. Early investigators
had reported such a state, but some later research had failed to
confirm its existence. Holloway and Moore (8) and Guggenheimer
e; al. (9), in measurements of the range of alpha-particles from

Nlh(dyx)clz, had reported a level in 012

at 7.62 Mev and 7.3 Mev
respeétively. However, magnetic analysis of the alpha-particle
groups from the same reaction by Malm and Buechner (10) gave no
evidence of a transition to a level in this neighborhood.

Early studies (11, 9, 12) of the neutron spectrum from the
deuteron bombardment of natural boron targets revealedta group
with a Q-value of about 6 Mev, which could be ascribed either to
the ground~-state transition in Blo(d,n)cll or ;o a transition to
an excited state at ~ 7.5 Mev in Clz, through the reaction Bll(d,n)clz*.

An investigation by Gibson (13), who used separated Blo and Bll
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targets, showed that the main contribution to the group in question
was in fact from Blo(d,n)cll, but it was suggested that a residual

peak observed with Bll targets was probably due to a genuine 012
level at ~ 7.7 Mev. Still later work by Johnson (1) failed to

reveal such a level, although a weak group could not be excluded.

In the reaction Begox,n)clz, a neutron group corresponding
to a T.5-Mev level (15) has been obser&ed. In addition, 7-~Mev
electron-positron pairs (et) attributed to a monopole transition
(Ot¥0+) to the ground state (16), and 3.16-Mev cascade radiation
(17) through the state at L.43 Mev have been repofted. Protons
inelastically scattered from 012 also gave evidence for a level
at 7.5 Mev (18).

With the realization of the possible astrophysical
significance of such a level, the matter was reinve;tigated by
Hoyle et al. (19), using the reaction Nlh(de)Gl2o With a high=
resolution magnetic spectrometer they clearly identified the alpha-
particle group leading to the excited state of 012 in question and
obtained a level energy of 7.68 + 0,03 Mev and a width of less
than 25 keve. The low intensity of the group - some 6 percent of
the next higher energy group - accounts for some of the earlier
difficulties. Later work by Pauli (20) and Ahnlund (21) on the
same reaction yielded excitation energies of 7.66 4+ 0.02 and
7.658 + 0,027 Mev respectively.

The reaction rate for the conversion of helium into

carbon by the 2E~'1e)4 = Be8; Bea(o(,'r)cl2 process is calculated by
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using the Breit-Wigner single-level formula for the reaction
cross-sections and integrating the Maxwell energy distribution over
each of the two relevant resonances. éalpeter (1) has shown the
same result can be obtained more simply by applying the mass-
action law of statistical mechanics. This follows from the fact

3
that the concentration of the 012 is also in equilibrium with

N

the concentrations of Be8 and He', since, as will be discussed

later, the partial width for the decay of the second excited state
*
(c12") is small compared with the width for its breakup into

Be8 + Heh. In either case the reaction rate is given by

dx 5 o
1 “x_35/2g3_ 4 2 o( -1
PRIRE T By PR T RO e

where p is the density, T the temperature, X the concentration
by weight of helium, M the alpha-particle mass, f; and |,

3+
the partial widths of the 012 for y and «-decay, and Q is the

3t
energy equivalent of the mass difference (012 - 3Heh). For p
in grams/cc, Tg in 108 degs K, Q in kev, r} in ev, and ["Y & Ij;
as discussed later, we have:
p=2.3L x 1074 (px d)z E% exp(-Q/8.62 TB) sec™t

T8
Since Q/kT appears in the argument of the Maxwell-Boltzmann
exponential factor and since the range of values of T is
limited by other considerations, the reaction rate depends

critically on Q. This energy can be calculated somewhat

indirectly from the results discussed above and from tabulated
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mass values (22) as 385 + 17 keve One objective of the present
experiments was a more direct determination of this energye.
i It is, of course, crucial to tﬁe theory that the 012 level

be of such a character that it can be formed by Be8 + Heh, i.e.,

that it have even spin and even parity or odd spin and odd parity,
and a non-vanishing alpha-particle width. It must also have a
reasonable probability for y or éi -decay if 012 is to be formed.
These questions could best be explored by bombarding Be8 with
alpha-particles, but since Be8 is unstable, recourse must be

had to a study of the two possible modes of decay of the excited

3 #*
state of 012, namely 012~—>~B98 + Heh and 012——>» 012

+ v (in
case y-radiation is forbidden or weak, the emission of et -pairs
must be considered). By the principle of reversibility of nuclear
reactions, it is evident that observation of o and y=-decay of the
7;74Hev C12 state would guarantee the feasibility of the process
in question; in fact, a measurement of the decay widths for these
processes would make it possible to calculate the cross-section for
Beaox,y)clz using the one-level Breit-Wigner formula.

Experimental evidence on the character of the 7.7-Mev
012 is not entirely clear., It seems well-established that the
state does not radiate directly to the ground state but rather
cascades via the L.i3-Mev state (17, 23)s The absence of ground-

state transitions suggests J = 0 or J 2 3; the observation of 7-Mev

electron-positron pairs would favor J = 0, since a one-photon



b
radiative transition for O —> O states is strictly forbidden -
while et ~gmission is‘allowed. As mentioned above, pairs have been
reported (16, 2k), although more recenf investigations (25, 26, 27)
place, at best, a much lower limit on their relative number. Inelastic
scattering of alpha-particles by 012 yields a group of alpha-
particles’correéponding to this level, with no corresponding 012
recoils, indicating that the 012 state must break up mainly by alrha-
emission (28). Analysis of the angular distribution of the
inelastically scattered alpha-particles in this reaction is in good
agreement (29) with J = O+.~-Gamma-gamma correlation experiments
(30, 31) reported in Nlh(dfx)clz and Begﬁx,n)clz are consistent with
~‘J = 0 but do not separately exclude J 2 3 and J = 2 respectively*.
The angular distribution of electrons inelastically. scattered

12 2t 187 Mev (32) indicates J = 0". It would thus appear

from C
réasonably certain that J = d+ is the correct assigmment. However,
emission of alph#—particles has not heretofdre been obsefvéd;
estimates of the fraction of decays leading to alpha-particle
emission vary from << 50 percent (23) to > 97 percent (25, 33).

The object of the present experiment was to observe the alpha-
particles directly, if possible, and to make a precise determihation
of their energy to permit calculation of the Q-value referred to

above.

#Steffen et al. use y(3.22)/y(L.i3) = 0.03 in agreement with
Beghian et al. (17).
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Since the alpha-particles were expected to be of low
energy and of relatively low intensity in any easily available

redaction, it was decided to look for them first in the decay of 312’

where advantage could be taken of the radioactive delay to reduce

the background due to particles from prompt reactions. The processes
B2 1% 4 g7 4y _

» Be8 + Heb
12

b ) C92'+ ¥

involved are:

C

Boron 12, with a half-life of 20.6 + 0.9 milliseconds (31;); is
copiously produced in the reaction Bll(d,p)B12 and is known to
decay to both the ground and L.L3-Mev states of clz, the latter
to the extent of 1.5 percent (35, 36). The beta spectrum suggests
(37) additional decays to considerably highef states of 012.

The decay of N2 is known to yield alpha-particles (38) from the
b;eakup of‘higher states of Clz; and it seemed thus not impossible

that Bl2 could decay through the 7.7-Mev level and yield low energy

alpha-particles.s The energetics of 312 decay are shown in Fig. 1;

only the low lying levels of 012 are shown.
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IT. EXPERIMENTAL ARRANGEMENT

The experiments to be described consisted of producing

B12 by the deuteron bombardment of B11 nuclei, cutting off the

\

‘beam from the target, and searching for delayed alpha-particles
with a magnetic spectrometer. The experimental arrangement is
éhown schem#tically in Fig. 2. The déuteron beam from an electro- -
static accelerator passed through a magnetic analyzer to bombard
boron tafgets located at the focal point of a low-dispersion,
strong-focusing magnetic spectrometer (39). Alpha-particles
focused by the spectrometer were detected by a CsI crystal wafer
which was glued to a glass plate and mounted on a Dumont 6291
photomultiplier tube. The crystal was milled as thin as possible
and then water polished to a thickness of approxim;tely 0e7 mil
in order to reduce the background from stray neutrons and gamma-
rays to a minimum,

The deuteron beam was periodically interrupted at a
position remote from the target by a rotating shutter, driven
synchronously with a similar shutter which closed off the spectrometer
during bombardment of the target. The counting system was
electronically gated to permit counting only when the deutefon beam
was interrupted. The spectrometer shutter and the photoelectric
tube, which controlled the electronic gate, are schematically
shown in Fige 3. During target bombardment, light passed through

the gate shutter and illuminated the photoelectric tube, thus
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activating the gate and thereby turning off the counting equipment.
The synchronism of the two rotating shutters and the electronic
gate was observed by the use of an oscilloscope, permitting accurate
alignment and easy monitoring. An assembly drawing of the target
holder, spectrometer shutter, and target chamber is shown in Fig. L.
Various combinations of target thickness, target angle,
and spectrometer resolﬁtion were used in the experiments. The
data reported here were obtained with targets placed at 15° grazing
incidence to the beam, thus presenting a large number of B11
nuclei to the incident deuterons and at the same time diminishing
the energy loss to the emerging alpha-particles. With this target
angle the beam position is extremely critical, the spectrometer (LO)
being very sensitive to source displacements along the beam direction.
The beam was therefore aligned while viewing the beam spot on the
qﬁartz window of the target chamber with a low-power telescope.
By this method the beam could be aligned to better than 1/647.
The spectrometer was used with a solid angle of 0.0063
steradians and a momentum (p) resolution of Ap/p = 5 percent.
At each spectrometer setting a complete pulse height spectrum was
recorded by means of a 10-channel discriminator. Interposition
of a 2.2—mg/cm2 Al foil in front of the spectrometer slit permitted
separate determination of background due to stray neutrons or
gamma-rays. Typical pulse height spectra are shown in Fig. 5.
Pulse heights for calibration purposes were obtained from deuterons

210

and protons of known energies, and alpha-particles from Po“ (5.3 Mev)
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and the breakup of Bea. In general, for a éiven Bp setting,
one expects two groups, corresponding po He*-ions and He++;ions,
differing in energy and pulse height by a factor of four. Up
to an energy of ~ 200 kev, the doubly charged group is practically
negligible; on the other hand, correction for neutral atoms is
significant below 500 kev (Ll)s Above 1 Mev the ions are pre-
dominantly doubly charged. Fig. 6 shows the fraction of the

total beam assumed by each charge component as a function of energy.
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ITI. EXPERIMENTAL RESULTS AND DISCUSSION

A'x LOW~-ENERGY ALPHA-PARTICLES

The low energy alpha-particle data reported here were
obtained with a 39 pgm/cm2 gt target (42). Fig. 7 exhibits the
observed momentum spectrum, extending from Ex = 100 - 260 kev,
plotted as actual counts recorded versus Bp. In Fig. 8 the
experimental points are replotted, after correction for charge
exchange (41). The spectrum exhibits a broad distribution of
alpha-particles, terminating at an energy of about 200 keve. That
these alpha-particles were in fact associated with the B12 decay
was confirmed by several blank experiments using Be, Cu and Ta as
targets and by a lifetime measurement. The lifetime was measured
by covering one open section of the spectrometer shutter and then
aiternately reversing the direction of rotation of the shutter,
thus alternately changing the time between bombardment and ob-
servation from 2.9 to 18.3 milliseconds. The value found for the
half-1ife was 16 milliseconds, in rough agreement with the f-decay
half-life (20.6 milliseconds) of Blz.

The momentum spectrum shown in Figs. 7 and 8 contains
alpha-particles (designated.di) resulting from the disintegration

3
012 - Be8 + Heh + Ql’ and the subsequently emitted particles

ze) from the decay of Be8-—¥>2ﬂeb + Q¢ Ignoring for the moment
the recoil imparted to the 012? nucleus by the p-decay, the

qi-particles will constitute a monochromatic group, with
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E(va(1 )= 2/3 Q,s or momentum po(dl) =)/ thM %‘/3 (the zero subscript
is appended to indicate neglect of the 012 recoil from the B12
B~decay)e The Be8 nucleus so formed is in motion in the laboratory
system, and its velocity will be added to the velocities resulting
from the breakup into two alpha-particles. On the assumption that
the breakup is isotropic, the number of dz-particles produced with
momentum p(otz) per wnit momentum interval is

dN(x,)  2e)  plxy)

aplet,) (QM,)% p(et))

where N(ccl) is the total mmber of o(l-particles. The limits on
p(c( ) are I(Q]_H‘a(/” + (Q ) - As will appear below, Ql = 278 kev
and Q2 = 9l kev, so the dz—dlstribution has a triangular shape,
extending from a minimum p(o( ) = 0 to a maximum p(o( J 2 (o<l).
The predicted thin-source spectrum is shown schematically in
Fige 9a.

When the B-recoil is taken into account, it is found that
the oa-particles are distributed over a range po(ocl} + %‘ pmax(B s

where p () is the maximum B-particle momentum. Because of the
the relatively high energy available, 5.7 Mev, this effect is quite
appreciable, amounting to a spread of + 5.5 percent in p(c(l).
With the assumption that the p~particles and associated neutrinos
have a simple Fermi distribution and that the beta-neutrino

correlation is characterized by the tensor coupling (1 + 1/3 cos €),
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the di—distribution is found to be:

aleq) = > p(diz—-(7 - 6x2 = ) -1¢x €1
" ape)  16p, (B) B ()

where x = 3‘:p0xl) - poﬁxl)] /pmax(ﬁ). In consequence of this

distribution, the dé—particle spectrum is rounded off at the upper
limit as indicated in Fig. 9b. Since there are two qé-particles
for each.di-particle, the area of the broad distribution is twice
that in the di-group. It has been tacitly assumed throughout that

the ¢1%*

and Be8 decay before slowing down, as would be expected
from their lifetimes.

Derivation of the thick-source spectrum requires a know-
ledge of the distribution of the BL® in the target. Although
the Bll layer is itself only about 75 kev thick to outgoing 200-kev
aipha-particles, a large fraction of the B12 nuclel are actually
driven to a considerable depth in the target backing in the course
of their formation, thus increasing the escape distance for the
alpha~-particles. In the reaction Bll(d,p)Bl2, the bombarding l.S-Mev
deuterons impart a velocity of 1.9 x 108 cm/sec to the center of
mass of the system, and the ejected protons impart a velocity of
1.8 x 108 cm/sec to the recoiling 12, Combination of these

velocities gives the B12 nuclei a maximum and minimum energy of

860 kev and 2 kev respectively in the forward direction. On the
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assumption that the angular distribution is isotropic in the
center of mass system and that the range is proportional to
velocity, these recoil effects combine to produce an approximately
uniform distribution of B12 nuclei in the target extending about

1 mg/cm2 in Ta. Measured in the direction of the emerging alpha=-
particles (83° from the deutercn beam, 22° from the target normal),
the depth amounts to about 0.7 mg/cmz, nearly equal to the range
of the maximum-energy di-particles. Thus, again ﬁnder the assump-
tion of a constant rate of momentum loss, a simple integration of
the calculated Néxl) and chz) distribution functions yields the
required thick-source spectrum, illustrated in Fig. 9c.

When the calculated integral spectrum is folded with the
known resolution function of the spectrometer, a final curve is
obtained which may be compared with the experimental points. Two
such curves, calculated for Q = 276 kev and Q = 286 kev, with
Q, = 9L kev, are shown in Fig. 8, where it will be seen that the
general shape observed is well accounted for, at least in the top
25 percent of the spectrum. The deviations at lower momenta may
result from uncertainty in the charge-exchange corrections or from
straggling in energy-loss of alpha-particles emerging from deep
layers in the source. Interpolation between.the curves shown
in Fige 8, together with other observations not reproduced here,

12% _ 12 = 7.653 + 0,008 Mev.

yields Q; = 278 + L kev, or C
The difference (012* - 3Heh) is given more precisely by

Q +Q, =372 £ L kev.
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In the analysis described above, it has been assumed
that the alpha-particle emission actually proceeds in two stages,
with Be8 in its ground state as an intermediate product, and the
width of the Be8 state has been neglected. Direct evidence on the
latter point is available in the observed small width of particle
groups from various reactions leading to the ground state of Be8;
for example, observations made hefe on the spread of the deuteron
group in Beg(p,d)Be8 permit an upper limit of about 1 kev to be
placed on this width. Considerably smaller values, € 3.5 ev (43)
and 4.5 + 3ev (L) are obtained from analysis of scattering of
alpha=-particles in helium. These values correspond to a mean
life of ~2 x 10'16 sec or more, whichvis long compared to
characteristic nuclear times, a fact which is to be expected on
the basis of the small barrier-penetrability factor for two alpha-
pérticles with a center of mass energy of only 9L kev. It is
concluded that Be8 acts essentially like a stable nucleus in
n"prompt" nuclear transmutations. The front slope of the spectrum
of Fig. 8 is consistent with zero width for both the Be8 and 012*
states and places an upper limit of about 10 kev for either.

The possibility that the present results might be
equally well explained by a direct 3-body disintegration of G2
has been considered. In view of the strong electrostatic repulsions,

it would be expected that the most probable outcome of such a

process would be approximate equipartition of the energy among
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the three alpha-particles, leading to a spectrum peaked more or
less sharply at one third of the energy difference corresponding
to\(clz* - 3Heh). The observed spectrum in this case would exhibit
an inflection at this energy, rising to a maximum at a somewhat
lower energy, and eventually falling linearly to zero at zero
energy. In Fig. 8 the point of inflection occurs at Ex = 180 kev,
leading to a G-value of SLO kev, clearly inconsistent with previous

12# level energy. In addition, the fact

determinations of the C
that the curve remains approximately level indicates the contribution
of Jjust such a lower energy group as dé in Figs. 9« It is con-

cluded that the present results indicate a two-stage reaction and

are inconsistent with a direct 3-body process.

B. HIGH-ENERGY ALPHA-PARTICLES

As may be seen in Fig. 8., the alpha-particle spectrum
does not vanish entirely above the "end-point®" but continues for
some distance beyond. In addition,Vthere wasrobserved an appreciable
number of high-energy pulses, corresponding to He++;ions whose
intensity increased slowly with increasing Bp. Investigation of
these particles showed a considerable number of alpha-particles
(henceforth called the high-energy alpha-particles) quite distinct
from the low-energy groupe. The spectrum will be discussed in de-
tail later.

The high-energy spectrum was studied in the same manner
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as the low-energy spectrum with only slight modification. CsI
crystals of slightly greater thickness (several mils) were employed
in much of the work to guarantee complete stopping of the more
energetic particles within the crystal. Targets in this case con-

sisted of the same thin Bit

target used for the low-energy work and
a natural boron target containing lh3-pgm/cm2 of Bll. The latter
target was obtained by evaporating natural boron onto a thick Be
backing and its thickness was measured by comparing the beta-ray

yield with that of the thin Bll target. The highwenergy spectrum

obtained with the natural boron target is shown in Fig. 10 where

the actual number of counts recorded is plotted versus Bp. In Fig. 11
the experimental points are replotted against momentum, ZBp. Com-
parison of the two curves representing He+ and Hé++ with Fig. 6

makes it clear that the decrease of the former and the initial rise

of the latter are éimply the result of the gradual increase in the
ratio He++/He+ with energy. The actual alpha-particle spectrum is
therefore given by the sum of the two curves, with a small correction
at low momenta for the neutral component He®. The experimental points
- to be added were obtained on consecutive runs thus permitting more
reliable addition than could be obtained by taking the complete He+
and He++ spectra individually. The spectrum so obtained again re-
duced to counts per unit momentum interval, N(p), is shown in Fig. 12.

No evidence of fine structure is observed with this momentum resolution
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(-3-2 = § percent) of the spectrometer. A similar spectrum taken earlier
with the Bll target but with much poorer statistices is shown in Fig. 13.
| The shape of the spectrum suggests a broad distribution of
o(l-particles at high momenta, the « -particles filling in the spectrum

2

at lower momenta where c(l and 0(2 are defined as before, i.e.,

123 8 :
C™“"-> Be +o<1+ql

Bea—-i» 20(2 +Q2

The absence of fine structure in the spectrum rules out the combination
of several narrow distributions corresponding to the known states of
012. The experimental evidence for a broad level in this region is

not clear. Jackson and Wanklyn (LS) have reported a level at 9.7-Mev
‘excitation with an observed width of 1.6 Mev in the reaction Clz(n,n' )3Heh.
Goward and Wilkins (L6) in Olé(y,hct) also reported a level at 9.7 Mev
with an observed width of 1.5 Mev and a true width of approximately

1.3 Mev. Both authors associated their observations with the well-
known level at 9.61 Mev. However, this level is now known to be quite
narrow, and Douglas et al.(L7) in the reaction Nlh(d,o()clz* have
accurately measured its width to be 30 + 8 keve The published specﬁra
of Livesey and Smith (48) in Clz(n,n' )3Heh and Olé(y,lp() are con-
sistent with a broad level in 012 overlapping a narrow level at 9.6 Mev.
This situation could perhaps account for the discrepancies in the
reported width of the 9.61 Mev level. A broad level of low intensity

is not inconsistent with most, if not all, of the information available
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in this energy region (13, 1L, 18, 2k, 27, etc.) and hence will be
assumed here.

\ Assuming a broad level in 012; a theoretical spectrum can
bé deduced and compared with the experimental results. A similar
problem has arisen in the case of the first excited state of Beag
the procedure adopted here being similar to that of Bomner et al.
(L9, 50) in the treatment of the alpha-particle spectrun from LiB.
The broad level in Be8 has also been treated in other reactions by
vﬁrious authors (51, 52).

We assume the level to be of the form (53, 5L, 52):

dn(E)OC F(Eg ,
dE +A, - E)° A M
P G se [T

where E is the energy above E(Be8 + Heh), EK is thé true resonance
energy (55), Lsk’is the resonance level shift (55), dn(E;/dE is the
number of states per unit energy interval, and | (E) is the total
width at energy E. With this density of states in 012 the Fermi
theory for allowed PB-decay gives the following electron distribution

(56, 57) from gt2,

Q-W
W) o wez,w) [W - 1]E L] (dn“"“‘ég:) [@ -5 -] % am

Q

where Wy E', and Q' are the total electron energy, the energy above

E'(Be8 + Heh), and the total energy available for the B-decay (atomic
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mass difference 812 - Be8 - Heh, plus moc2 ) respectively with all energies
being expressed in units of m ¢ and F is the Coulomb factor. The
p-decay thus leaves the state populated with the distribution:

dN(E') dn(E' fF(Z,W) [ - &' - w]? (w® - 1‘z W ¥ = dn(E') £(2,Q' - E)
dEl

Under the usual approximations, Z = 0, F(Z,W) = 1 we have _

dN(E')ccdn(E') [(Q' -5 ) - (o - E' P+ } dn(E')f
dEl

The distribution of center-of-mass energies for alpha-emission is then:

[+ 4

ai(B) [ (&) ane) [ (B) ¢
& MM&) & (5 +4, -E7°+ [r(m)] 2

where we define

(e =2@ (3 25) 6y
MR

in which k is the relative wave number of the emitted alpha-particle,
63( is the dimensionless reduced width, and F, is thé penetration factor
for relative angular momentum L.

In fitting the theoretical expression to the experimental
points the parameters E)\, Qf(, R and D were varied, the remaining

quantities being fixed. The o(l-distribution was obtained by numerically
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integrating d&x(E)/dE over the target thickness, assuming as before
that the B12 nuclei were uniformly distributed in the target, and
taking into account in a crude manner, the energy variation of the
energy loss in the target. The dé-distribution was also obtained
numerically, summing the distributions corresponding to the di—particles.
In this case the spatial distribution of B12 nuclei in the target was
assumed to be in the form of four equally spaced groups, the<x2-
particles originating in each group suffering a common energy loss
in escaping from the target. Two theoretical fits, A and B, obtained |
in this mamner are shown in Fige. 1li. Maximum energy loss for escaping
2-Mev alpha-particles in the natural boron target was about 500 kev;
the recoil of the 012* nuclei was negligible. Table I lists typical
values used in the computations. The function dﬂx(E)/dE has been
plotted in Figs. 15, 16, and 17 for various combinations of the para—
metefs thus enabling one to estimate the effects of changes in the
parameters without effecting a complete fit.

A value of 5.21 x 10733 cm was chosen for the radius of
interaction of the Be8 and Heh from analysis of the Stanford work
on electron scattering (59) at this laboratory. A radius somewhat
larger might be expected in this case since the B38 and Heh are
apparently loosely bound. It appears, however, that small changes
in the radius have little effect on the final spectrum, in fact as

13

seen from Fig. 15, radii as large as 7.5 x 10 —~ cm improve the fit

of A only slightly. This is to be expected, however, since at these



Typical Values Used in the Calculations of dﬁx(E)/dE Assuming

R=5.21 x 1075 em and ef( = 1.5.

By ) Oy 1 P, T (2=0)
(Mev) (dev) (Mev) 4 (Mev)
0.6 0. 1.8 6652 0.0025 0.093
0.9 0.6 1.4 5109 0.038 0,17
1.2 0.8 1.1 3863 0.11 0.58
1.5 1.C 0.83 2853 0.21 1.2
1.8 1.2 0.6k 2080 0.32 2.1
2.1 1.4 0.51 1493 0.4l 2.9
2. 1.6 0.41 1033 0.L48 3.7
2.7 1.8 0.34 701 0.5k Lok
3.0 2.0 0.28 LS9 0.59 5.0
3.3 2.2 0.25 285 0.63 5.6
3.6 2.4 0.22 175 0.66 6.1
3.9 2.6 0.20 oL 0.68 6.5

(P0 and &, were obtained from the Chalk River Graphs of
Coulomb Functions (58))
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energies the penetration factor is a slowly varying function of
the radius as well as the energy. Thevupper limit of qi, according
to ﬁigner, is one. It is expected, however, that for certain
collective motions of nuclei, values greater than one can occur;
values as large as 2 have appeared in the literature (52).
Values less than one give di-spectra that are too narrow and hence
large dips in the final spectrum; values greater than 1.5 require
larger values of Eh to fit the high~energy end. Values of 2> 0
require large values of Qi and Ek t0 obtain reasonable fits. For
§= 2 a value of 62 = 7.5 gives a fair fit for E,_= 3.38, further
increase in both seems not to improve the fit. It would seem
that a value of Qi = 7.5 would be rather unlikely.

It appears that curve B probably gives the best overall
£it, that is with E, = 3.00 Mev, 67 = 1.5, R = 5.21 x 10 cm
aﬁd [ = 0. This corresponds to a asymmetric state in ct? (after
the p-ray energy dependence has been removed) peaking at
10,1 + 0.2 Mev and falling to half-maximum at ~ 9.2 Mev and
~11.7 Mev.

It has again been assumed throughout this analysis
that the alpha-particle emission proceeds in two stages, with
Be8 in its ground state as an intermediate producte. At higher
excitations in 012 it is thought that some breakups occur through

the 2.9-Mev state of Bes. This appears not to be the case here.
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In order for the 2.9-Mev state to participate to a reasonable
extent in the reaction, the di—particles would have to arise
from an excitation in 012 greater thanlabout Te37 + 2.9 = 10.3 Mev
and the dé-particles would appear with energies distributed around
~2.,90/2 = 1.45 Mev. Applied to the spectrum of Fig. 1k, the
high-energy particles of ~ 1.5 Mev would be dé-particles while
the di-particles would have to fill in the energy region
0.25 - 0.75 Meve Since there are two dé—particles for each
di-particle, the distribution is clearly in the wrong direction,
a reasonable number of db—particles corresponding to too
feW'di-particles and vice~versa. Therefore, this model by itself
cannot account for the observed spectrum. Further analysis
shows that the spectrum of¢x2-particles would be expected to rise
quite rapidly at the high energy cut—-off, much more so than the
observed spectrum. Assuming then that the observed spectrum results
primarily from the alpha-particle decay of a broad level in 012
proceeding through the ground state of Be8, estimates show that less
than L percent of the observed spectrum can be attributed to breakups
through the 2.9-lev state in Be8. As mentioned previously the lack
of fine structure in the spectrum rules out the possibility of the
spectrum resulting‘from decays of the well-known states ‘or 012 at
9.61 Mev and 10.8 Mev. The di—particles from these states would

constitute separate groups each spread out by the target thickness

and spectrometer resolution but still easily distinguishable with the
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experimental arrangement described here. Assuming as before that
the main contribution to the observed spectrum comes from the
breakup of a broad level in 012, it appears that no more than 10 and
3 percent of the spectrum can be attributed to breakups of the 9.61
and 10.8-Mev states respectively. The latest estimates (60) of
the spin and parity of the 9.6l-Mev state give 1~ or possibly 3.
The p-decay from Bl2(1+) would then be first forbidden (1)
or second forbidden (3~ ), and correspondingly the number of
transitions should be down at least a factor of 100 from allowed
transitions (61). This is consistent with the present observation.
The spectrum does not vanish entirely above the cut-offj these
particles céuld probably result from excitation of even higher states
of 012.

It has been assumed throughout the discussion thus far
that the p-decay proceeds through an excited state of Clz. In
the case of a broad level as envisaged here the distinction be-

tween passing through an intermediate stage and proceeding thrdugh

the more direct breakups (5L, L9, 62)

Bl2-—> Be8 + He)4

+ g+

g2 3He)" +p +

is perhaps not clear. However, some insight into the problem

may be gained by a consideration of the times necessary for

the processes involved. ‘A 3.3-Mev electron (B = 0.99, A = 6 x lO—l%ml
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will travel 2 x 10711

cm in the time necessary for a 1l.5-Mev alpha-
particle po cross the nuclear radiuse. It would appear that the
electron is well outside the nuclear boundary before the residual
nucleus has time to separate appreciably, and thus the nucleons
comprise a 012 nucleus at least as far as the dynamics of the f-decay
is concerned. Some experimental evidence is to be found in this
regarde The observed alpha-particle spectrum from the decay of
Li8 has found theoretical agreement (L9) by assuming that the
breakup proceeds mainly through the first excited state of Be8
([ = 1.0 Mev). It is concluded that it is not unreasonable under
the present circumstances to assume the participation of a broad
level in 012 as an intermediate stage in the decay of Blz.

A still different consideration is the direct breakup
of the intermediate stage, 012, into three alpha-particles.
On the assumption, as made in the case of the low-energy alpha-
particles, that the alpha-particles share the available energy
equally, the three-particle breakup of 012 is inconsistent with
the observed spectrum. However, some of the breakups could
proceed in this manner, the resulting alpha-particles appearing
in the spectrum at ~ 0.9 Mev. These particles would tend to f£ill
in the dip occuring in Fig. 1L curve A, allowing better fits to
be obtained with smaller values of Qi. It appears that <« 15
percent of the breakups occur in this manner.

It was found necessary to discard the B11 target in the

middle stages of the high-energy spectrum investigation when a
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large and varying number of counts suddenly appeared, completely
distariing the high-energy spectrum. A thorough check showed
the 'particles to be in fact alpha-particles presumebly origina-
ting from a Li7 contamination which could have been deposited on
the target during the measurement of its thickness. The target
thickness was measured using the Kellogg Laboratory 10%“ double~

focusing spectrometer; the target chamber of which has contained

Li7on numerous occasions. The deuteron bombardment of Li7 yields

L18

through the reaction Li7(d,p)Lig. Li8 beta-decays with a
half-life of ~ 0.8L sec (63) to Be8 which subsequently breaks

up into two alpha-particles, the energy spectrum of which has been
shown (L9, 6L) to peak at approximately 1.5 Mev. The distorted
spectrum observed in the present experiment peaked almost exactly
at‘1.5 Mev and furthermore was of the same distinetive shape as
the spectrum of alpha-particles from Lia. It was of course,
perfectly possible for some of the L18 alpha-particles or any
other delayed particles to appear in the spectrum unretarded by
the mechanical shutter or electronic gate. Delayed particles |
other than alpha-particles could be distinguished by their momenta
and pulse height characteristics but the only distinguishing
characteristics between alpha-particles are the differences in

the half-lives of their originators and in their energy spectra.
It should be mentioned that the low-energy work had been completed

before the target thickness was measured even though the
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low-energy spectrum was unaffected by the Li7 contamination and
half-life measurements had proved that the low-energy alpha-
particles originated with Blz. |

Because of the previous trouble with the Li conf.amination,
half-life measurements, as described before, were obtained for
the high-—energy spectrum (N 1.5 Mev) .with the freshly evaporated
natural boron target. The ratio, R, of counts for the time, tl’
between bombardment and observation of 2.9 milliseconds as
compared to the time, 'b;, between bombardment and observation of
18.3 milliseconds was found to be R = 1.61 + 0.12. Assuming the
only sources of alpha-particles to be B:"2 and Lis, the ratio,

R’ is

: | At
NB(j__;\st _ n-)\stz )+2NL(Q thr L~ALt2 ),

np(ghet  ghet Ao o g

R =

wk;ere NB and NL are the respective numbers of B12 and L18 nuclei
in the target at the end of each bombardment (assuming equili-

| brium) that emlt alpha-particles of the observed energy (the

factor of two arises since Li8 emits two alpha-particleé of

equal energy), '\B and kL are the respective decay constants of

8
B12 and Li , tl and ti are defined above as 2.9 and 18.3 milli-

seconds respectively, and t2 and té are given by tl - t2 =1t -t =

1 2
milliseconds, the amount of time the spectrometeér is exposed to

12 8

the target. Taking the half-periods of B~“ and Ii” to be 20.6 + 0.9

6.1
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millisecon@s and 0.8hl,i .00l seconds respectively, a simple
reduction gives
i 2N = 2.l + 5.l
g
The ratio of alpha-particle counts from Li8 to the number from
312 under normal operating conditions (2.9 milliseconds between

bombardment and observation) is easily shown to be

| _;x T —A (tl—tl)
c, 2N e by L
L. "Lt e ' QG-a ) )=o.o7io.16
- - tz_‘ tv
g Ny et g Aal

This implies that the fraction of alpha-particle counts that
come from LiB is consistent with zero and almost certainly less
than 25 percent. Assuming cross-sections of G.15 + 0.0k and
0429 + 0.04 barns for L18 and 312 production (éh) respectively
at the deuteron energy used in this experiment (1.65 Mev) and

branching ratios of 0.13 percent and 90 percent for 312 and L18

respectively, the ratio of the number of atoms of L17

to the
number of atoms of Bll on the target is found to be about

9420 x 10”5. Assuming no Li.7 contamination whatever, the
value obtained for the half-life of B12 is 22 + 3 millisecoﬁds,
in good agreement with the values previously reported in the
literature (63) but differing somewhat from the most recent (3L).

It is concluded that < 7 percent of the l.S-Mev alpha-particles
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arise from L18 and hence their contribution to the total high-

energy spectrum is practically negligible.

i

C. BETA-SPECTRUM AND BRANCHING RATIOS OF BY2

As mentioned previously the fraction of B12 nuclei de-
caying to the L.4-Mev state of ct? has been found to be 1.5 + 0.3 per-
cent by measuring the ratio of L.L3-Mev gamma-rays to the total
number of B-rays. In the case of the two alpha-emitting states
described here, the branching ratios are found by measuring the
number of alpha-particles emitted from each state and comparing it
to the total number of B-rays. This assumes, of course, that these
states break up only by alpha-particle emission; examination of the
relative decay widths of the states, as will be discussed later,
shows this assumption to be quite accurate.

The B-rays from the thin Bll target were counted with a
large (4" long x S dia) plastic scintillator™ backed by a Dumont
636& photomultiplier tube. In this case the phototube was
electronically gated and synchronized with the rotating beam
shutter. The pulse heights were displayed, as before, on the
10-channel discriminator, To keep extraneous scattering to a

minimum the analyzed beam was allowed to pass into a thin-walled

*The scintillator was obtained from the Pilot Chemical Company,
Waltham, Mass§ It is composed of diphenyl stilbene with a density
of 1.03 gm/em’ and hydrogen to carbon ratio H/C = 1.10.



isolated target chamber shown in Fig. 18.
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The scintillator

was mounted at 90° to the incident beam and subtended a solid

angle determined by a 1%" hole in a %" Pb plate. Different solid

angles were obtained by varying the distance between the target

and the crystale. The crystal was calibrated by observing the

Compton peaks from various y-rays; Table II shows the y-rays,

their energies, and their Compton peaks.

The Compton peak is

given by the maximum energy transfer (65) to the electron and

is
3
where
« = hY
m002
TABLE IT
Source hv(Mev) 4 To(Mev)
0137 0.662 1.29 0.477
MY 0.838 1.63 0.639
0060 1.25 (Avg.) 2.45 1.0,
NaZ? 1.28 2.50 11.06
ThC 2.62 S.12 2.38
B (p,v)BY2 12.1 23.8 11.9
B (p,y)BL2 16.6 32.5 16.3
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Fige 19 shows the pulse height spectra for several of the y-rays
used for oélibration purposes. The ecalibration curve is shown in
Fige 20, the peak of the experimental Spectrum being associated
with the Compton-peak energy.

The observed B-ray spectrum, minus background and corrected
for energy lqss in the target chamber wall q%“ lucite) and
crystal housing (17 mil Al), is shown in Fig. 21 plotted as the
number of counts per unit momentum interval versus Bp. At low
momenta the spectrum deviates somewhat from the known spectrum (57).
As will be discussed later this was presumably due to back-
scatter from the Ta target-backing. The background was obtained
by taking runs under the following conditions:

(1.) A 2%" long graphite block was placed between

the target and the counter. This stopped all elec~

trons from entering the crystal and gave the background

due to stray neutrons and y-rays. Graphite was

used to keep bremmstrahlung as low as possible.

(2.) A" diameter, {" thick Pb disc was placed

just in front of the 1" hole in the lead plate.

This gave all the background of (1) plus electrons

striking the Pb plate and scattering through the

aperture to the crystal.

(3.) A" dlameter x " thick Pb disc was placed

against the target chamber between the target
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chamber and the crystal. This gave background
(1) and electrons scattered into the crystal from
\ the target chamber and surrounding objects.
The background subtracted from the observed counts was obtained
by subtracting (1) from the sum of (2, and (3). Above Bp = 35
kilogauss~cm the total background was negligible; at Bp = 25
it constituted about 7 percent of the observed number of counts.
The experimental points reduced to a Kurie plot are
shown in Fig. 22. The observed "end point" of 27.2 mbc2 is in
good agreement with 27.3 m.oc2 obtained by Hornyak and Lauritsen
(57) and speaks well for the energy calibration. The dotted line
in Fig. 21 represents the spectrum corresponding to a straight line
Kurie plot; the true Kurie plot being straight down to ~ 12 mbcz.
As mentioned earlier the observed deviation is thought to be
attributable to backscatter from the Ta target-backing.

The number of B-rays observed per incident deuteron

is
N, = oFn_f_ sec NoW/
g = OFngfy sec By (1 /lm)g
where ¢ is the cross-section for the formation Blz, n, is the

B

number of B11 nuclei/cm2 in the target, ¢B is the angle of
incidence of the deuterons to the target normal, F is the ob-

served fraction of the total B-spectrum, f is the fraction of

12 P

B™" nuclei that decay during the counting period, and (- /Ln)

B
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is the solid angle subtended by the counter. Comparison of
Fig. 21 with the beta-ray spectrum of Hornyak and Lauritsen
(57) gives F = 0.436 + 0.0L8 for a bias setting of Bp = 24.3 + 1.3,
An elementary calculation for the experimentally determined
time sequence of the electronic phototube chopper gives

£

g = 04517 + 0.00L.

The observed number of alpha-particles per incident
deuteron arising from the broad level is given by the integral

over the di—particles (as predicted theoretically) and is

Nex,) = [d“("‘l) aplo) = X,,(10.1) 0 Y seo £, £, (2/kw), P
dp(e )

where Xbﬂ(lO.l) is the branching fraction, relative to all B-decay
processes from B12, for those B~transitions to the broad level
which ultimately result in alpha-particle emission; Crl/hﬂlx

is the solid angle accepted by the spectrometer, P is the fraction
of all B12 nuclei that remain in the target, and ﬁx, g, q& and
Qx are as defined previously only now for the alpha~-particle
detection. The natural boron target used in this experiment gives
q& as distinet from n, = nB for the Bll target. For the time
sequence mentioned earlier ix = 0.354 + 0.003. The spectrometer
solid angle was measured by elastically scattering protons from

copper and carbon and comparing the yield with that caleulated

from the assumed Rutherford and the experimentally determined (66)
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¢ross—sections respectively. The value thus obtained,
n= 0.0063‘3 0.0007 steradians, differs by a factor of two from an
earlier measurement (67) by the same méthod. The solid angle
is known not to have varied during the experiments reported here
since the peak counts in the frequent Al(p,p)Al calibrations re-
mained constant.

Using the experimentally determined ratio N(di)/NB, one
obtains Xﬁx(lo.l) = 0.13 + 0.004 percent, the major contribution to the
uncertainty arising in the prediction of the low side of the qi_particle
spectrum. It should be noted that if one only counts thg total number
of observed alpha-particles down to ~ 250 kev, sz(lﬁ.l) will be
lowered by only about LO percent.

In the case of the alpha-particles from the 7.653-Mev
level the problem is most precisély handled in a different manner
since the lower part of the spectrum is somewhat in doubt.
The number of qi—particles per incident deuteron which should

- be observed on the plateau of the thick target curve is

(et ) X (7.65)pf (0/l)
aple ) &)

where'rl(d) is the momentum loss of the alpha-particles per cm

in the target, f and Cfl/hnzx have been defined previously,
XBX(7'65) is the branching fraction for the 7.653-~Mev level and p

is the constant number of B12 nuclei per cm of depth in the target.
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Under the assumptions made earlier with respect to the distribution

within the targetis
. 12
n_osecd, ()

2p(BY2)Cl

where‘qx, 0 and zx are defined as before, p(Blz)cm is the
momentum of the B12 nuclei in the center<of-mass system of the
Bll(d,p)B12 reaction and Y\(Blz) is the momentum loss per cm

for pt2 nuclei in tantalum. The experimental value of dN(di)Gp(os)
may be obtained from the normalization used in fitting the curve
of Fig. 8. Using this result in the expressions above, one
obtains pr(7’65) = 1.3 + 0., percent. The major contribution

to the uncertainty arises from the ratio V\(Blz)/Y\Gx)'which was
taken to be 2.7 + 0.5 from analysis of the relative stopping

of boron nuclei and alpha-particles in air and emulsions (68).

As noted previously, Xﬁx(7.65) is the branching fraction

for the Pt decays through the 7.653-Mev excited state of 012,

12

relative to all B-decay processes from B™~. The 012*(7.65 Mev)

state may also decay by gamma-ray emission directly to the

ground state (0+) or by a 3.22-Mev and L.h3-Mev gamma-ray cascade
through the J = 2+ first excited state of 012. According to
Beghian et al. (17), the cascade decay is observed in Beg(d,n)clz,
while the direct transition to the ground state is at least 100
times less probable. Independent limits for these modes may be

12

derived from recent studies of the B~“ decay by R. W. Kavanagh (36, 69)
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who finds from By-coincidence measurements, y(7.65)/B(total) < 10‘h,

v(L.L3)/g(total) = 0.013 + 0.00L and, from yy-coincidence studies,
7(3.22)/Y(h.h3)'<10-2. These results are consistent with those of
Tanner (35), Bent et al. (25), Rasmussen et al. (28), and Hornyak

(33)s Thus the observed L.43-Mev gamma-rays result almost entirely

from direct f-transitions to the first excited state of 012 and

b

the 3.22-Mev and 7.65-Mev gamma-rays occur in at most 10— of
 the B-decays. For the de-excitation of the 7.653-Mev state in
¢'? we thus have Y(3.22)ﬁx € 1072 and v(7.65) /¢ £ 1072, Thus

to a good approximation, X, (7.65) is just the branching ratio of

px
all p~decays to the 7.653-Mev state. Using Wé(max) = EB(max) +
m,oc2 = 13,376 + 0.511 - 7.653 = 6.23L Mev and tl/2 = 0.0206/0.013 =

1.58 sec for the effective half-life, one obtains log ft = L.2 for
this transition, placing it clearly in the class of allowed
transitions. In the case of the broad level the branching ratio
is clearly given by Xﬂd(IO.l), the gamma~ray width being com-
pletely negligible compared to the large alpha-particle width.
Using Wé(max) = 13,376 + 0.511 - 10.1 = 3.787 Mev and

tl/2 = gfgg%g = 15.8 sec for the effective half-life, log ft = 4.0
is obtained thus also répresenting an allowed transition. The
corresponding values for the transitions to the gfound state and
to 012*(h.h3) are log ft = k.1 and 5.1 respectively. The transition
to the ground state is definitely allowed and that to the L.lL3-Mev

state would seem to be allowed but unfavored or perhaps first
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forbidden, but certainly not second forbidden. The allowed
fransition to the 0+ ground state of 012 requires that B12 have
spin and parity 1+ since a d+ to O+ transition would violate the
isotopic spin selection rule. The allowed nature of the transitions
to the 7.653-Mev state and the broad level then indicates O+ or
2" for their spins and parities, the 1  possibility being ruled
ocut by the observation of «~decay.

The branching ratios determined here together with the
ratios té the L.L3-Mev state and the ground state are shown in
Fig. 1. Upper limits for the ratios to the 9.61-Mev, lo.éiﬁev,
and higher states can be estimated from the present alpha-
particle work and the above mentioned limit of Kavanagh,
Y(7.65)/ﬁ(tota1)<].~h. (The counting equipment was biased to
count y~rays of energy greater than L.43 Mev). Hence, the branch-
ing ratio to the 9.61-Mev state is < 1o'h since the state is
known (28) to break up primarily by alpha-emission. As noted
before this is consistent with a 1~ or 3~ spin and parity
assignment for the 9.6l-lMev state, the assignments corresponding
to first and second~forbidden B-transitions respectively. The
upper limit for the branching ratio to the 10.8-Mev state and
higher states is < 1074 using the y-ray upper limit although if
alpha-emission is allowed the ratios are probably considerably

less; some evidence for these alpha-particles has appeared (38).

Using the branching ratios of Fige 1 the B12 p~spectrum has been
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computed f;'om the Fermi theory and the results compared with

the experimental spectrum of Hornyak and Lauritsen (37). The
spectra are in good agreement e;ccépt at momentum < 10 kilogauss-cm
‘where the theoretical spectrum does not account for sbout 2 per-
cent of the experimental spectrum. Since a branching ratio of this
order in this energy region would correspond to a super-allowed
B-transition, it is concluded that the discrepancy is not in the
branching ratios but is probably instrumental.

Tﬁe fact that the y-ray transitions from the 7.653-Mev
state are at most 1 percent bf the alpha-particle transitions
makes possible a fairly definite choice between the d+ and 2+
assigmments for this state. Table ITI lists the partial widths
expected for the alpha and ganmia-trénsitions in the two cases.

In these calculations we have taken R(Be8 + Heh) =5.3 %1003 .
The_ maximm widths are given for alphaéparticles in terms of Bi,,
the dimensionless reduced width in wnits of 3‘52/21&%2, and for
gamma~rays in terms of the single-particle values, (ksp) (70). The
upper limit for ef( according to Wigner is unity, and a reasonable
estimate for the present case is 602(~ O.l. For Ml gamma-transi-
tions in light nuclei, Wilkinson (72) finds an average of 15 per-
cent of the single-particle value. The E2 transitions can ’
actually be enhanced over the single-particle estimates in the
collective nuclear model. However, for the O*->- 2+, 3e22-Hev

transition, Re A. Ferrell (73) calculatesr'; = 0,001} ev with an
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TABLE 111

Expected partial widths for of and y-ray transitions for two possible

assignments of 7.65-Mev state of 012.

(¥, 7.65) > NGoe2) I(7.65)
max  est.® max(sp)® est. max(sp)
(ev)  (ev) (ev) (ev) (ev)
@, =0 (o= 2%, E2) (0= 0, forbidden)
O+
g 0.8 0.005  o0.001k [, ~5x 107 &v®
@, =2 (2*—~ 2%, m) (2" o, E2)
2+
0.1 0.01 0.6 0.1 '0.08

a. est. designates the best estimate for the widths.
b. (sp) designates single-particle limits for radiation widths: (70).

Ce r;'e calculated from Clz(e,e’); (71).
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error of the order of a factor of two.

Table I shows that for the Q+ assigoment for Clz*(7.65),
it  is reasonable that o~decay should exceed either y-decay by a
factor of at least 100, whereas for the 2+ assignment, one would
expect the o~decay and the two y-ray transitions to be comparable
in magnitude. Although y/xm~ 0.0l cannot be entirely ruled out
for this assignment, it appears that the evidence rather strongly
favors the 07 assignment. The fact that 7.65-Mev radiation
has not been observed in other reactions resulting in the

12*(7.65) is strong confirming evidence.

production of C
The experiments discussed here have not established

definitely that the 7.653-lMev state in C1° decays by gamma-

radiation. This decay has been reported by other workers,

however. The inelastic scattering of electrons by 012 leading

to this state shows that in any case nuclear eleetroh—positron

pair emission will transform 012*(7.65) into 012. As noted

above, evidence for these pairs is somewhat conflicting., It

should be observed, however, that the wvalues of the ratio

r}?/,j; for the 7.65-Mev state as derived from the experimentally

observed upper limits for pair emission of Kruse et al. (26)

and Goldring et al. (27) are consistent to within a factor of

5 either way with the ratio computed from Table IIT.

The cholice between the 0+ and 2* assignments for the broad

level is also not without reservation. It would appear from the
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discussion that reduced widths somewhat larger than ordinarily
encountered are necessary to obtain a reasonable fit assuming

a 2+ assignment.‘ On the other hand, small contributions from
competing modes of decay (for example, the direct breakup of

the 012¥(10.1) into three alpha-particles) could conceivably
modify the shape of the spectrum thus allowing fits to be obtained
with smaller and more reasonable values of the reduced widthe.

It is concluded that while J = O+ appears to be the most rea-

sonable assigmment, J = 2+ cannot be definitely excluded.

D. Q-VALUE OF Be®

In connection with the determination of the energy of the
alpha-particles from 012*(7.65)-¢-Be8 + Heh and with the effort
to obtain as directly as possible the overall Q-value for the
iransition Clz*(7.65)-»-3ﬂeh, a new observation was made of the
alpha-particle spectrum of Bea-—- 2Heh‘as produced in Be9(p,d)Bes.
With the large aperture (.0063 steradians) and the low reso-
lution (p/ap = 56) of the present spectrometer it was possible
to work with thinner targets and to obtain higher counting
rates than were possible in an earlier study made in this
laboratory (5). The spectrum obtained with protons of laboratory
energies 606 and 985 kev are shown in Figs. 23 and 2L respectively.
The probable errors indicated are statistical only. The targets

were layers of Be, 1-3 kev thick to 1 Mev protons, evaporated
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on Q.2 mg/cm2 Al foil. It was found necessary to cover the
opposite side of the foil during evaporation to obtain a Be
layer on one side of the foil only. The foil was thin enough
to confine the elastically scattered protons to a narrow range
of energies, thus permitting the alpha~particles to be observed
without serious interference. A background of protons was
nevertheless present and has been subtracted in plotting Figs.
23 and 2L.

The fluxmeter of the proton'beam analyzer was calibrated
with the 993.3 + 1.0 kev A127(p,7)5128 resonance (7k) and the
spectrometer fluxmeter was calibrated with protons elastically
scattered from Al and Be. Typical calibration curves are shown
in Fig. 25. Using 990.8 + 0.2 kev for the A127(p,y)5128 resonance,
as recently measured by Bumiller and Staub (75) would only lower
the final Q-value by about O.L kev and not affect the probable
error. During the course of preliminary experiments the cali-
bration constants were found to vary somewhat from day to day,
especially the spectrometer constant. Therefore both cali-
brations were checked before final runs and at least the
spectrometer calibration checked after the runs.

It can be readily shown (76) that the calibration constant,
KS’ for a magnetic spectrometer (as obtained from the elastic

scattering of particles of known energy from a thick target)



may be expressed as:

2 ) \
f TR [ et AR g g BTy B
N &t Eiq . E)o e

where M, Ze, and ElO are respectively the rest mass, charge and
bombarding energy of the elastically scattered particles,lkEl is the
energy loss of the ineident particles in passing through any surface
contamination layer that may be present on the target, al and 82
are the stopping cross-sections for the particles at thé inccming and
outgoing energies respectively in the contamination layer, VT is
approximately the potential of the target with respect to ground,
I is the potentiometer reading corresponding to the midpoint of the
rise of the scattered profile, and ¢ is the velocity of light. In the
case of particle 1 elastically scattered from particle 2 through an
anéle 8, of is given by:

> 1/2

/2 _ Hycos® , M, - 1 +(Mlcose)

M)+, - M1+M2 M, +¥

1 2
Similarly the calibration constant (KA) for the magnetic analyzer

(as obtained from a thick target bombarded by protons of energy

near a narrow gamma-ray resonance) may be expressed as:

2

K:B 1+AE1+ZGVT+E1
A 2 2
2 E E, Me
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where M, Ze, VT, Z&E1 and ¢ are defined as before, El is the
proton energy corresponding to the gamma~-ray resonance, and
I is the potentiometer reading corresponding to the midpoint of
the rise of the gamma-ray yield. The energy E! of a particle

of mass M' and charge Z' passing through the spectrometer for

a potentiometer setting I' is then given by

. (2% K E! (z1)?
E = —-——-—2§- l - -—-—g"" eve) 2 _—2'§
MY(IY) 2Me M (1)

A similar equation holds for the magnetic“anélyzér. The cali-
bration constants obtained on the days of final runs are listed
in Table IV, where the values are computed for energies in kev,
the mass in atomic mass units and I-values in the range shown
in Fige. 25,

The spectrometer angle was measured with the use of a
vertical slit 0.006" in width mounted on an 11/16" radius.
Protons were used to bombard an Al foil, and the slit was ro-
Jtated around the target chamber axis, first across the incoming
beam to provide a zero setting, and then across the aperture
of the magnet. Protons analyzed by the spectrometer were counted
and recorded as a function of the slit angle. The experimental
points are shown in Fig. 26. This data corrected for the
Rutherford scattering angular dependence (sinh %, which tends
to remove the asymmetry) gives a mean spectrometer laboratory

angle eL = 83.)4 i 0-2°.
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TABLE IV

The Calibration cbnstants obtained on the days of final runs.
4

Run KA x 10-6 KS x 16-5
1 | 55931 1704
2 55967 1699
3 55732 1696
L 55790 1694

The constants are computed for energies in kev, the
mass in atomic mass wnits, and I-values in the range shown in
Fige 25. In calculating Q-values the individual calibration

constants were used rather than the average values.
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The experimentally observed alpha-particle spectrum
will be influenced by various factors and analysis similar to
that previously described for the low-energy alpha-particles

from B12

is necessary to obtain the desired Q-value for the
Be8 breakup. The analysis has been discussed in detail (77, 78)
in the literature for similar although not identical cases.

For an infinitely thin target the spectrum, plotted
as number of counts per unit momentum interval, is a step
function falling more or less linearly with decreasing momentum
to zero at zero momentum. The high momentum cutoff corresponds
to the case where the Be8 is omitted in the primary reaction in
the direction of the spectrometer, followed by the emission of
one of the alpha-particles from the Be8 in the same direction.
This gives the greatest possible momentum to the alpha-particle.

For a target of thickness small compared to the maximum
alpha~-particle energy but greater than the spectrometer window
(for the case at hand the target thickness for emerging alpha-
particles was 28kev and the spectrometer window was ~ 12 kev) thé
high momentum end of the spectrum will rise linearly, to a good
approximation, over a distance equal to the target thickness.
The spectrometer window will round off the spectrum at the high
momentum end and cause the low momentum end to fall off more
rapidly since the window width is proportional to the momentum.

The linear rise and rounded corners are readily recognized in
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Figs; 23 and 24. A more detailed analysis is necessary to
account for‘the broader maximum of the spectrum taken at the
higher bombarding energy. Extrapolation of the high momentum rise,
as shown, gives the maximum momentum and energy of the alpha-
particles.' Isotropy in both the initial Be9(p,d)Be8 and secondary -
Bes-4> 2H'eh reactions is usually assume@ in deriving the spectrum.
The first assumption is quite good at low energies ( < 600 kev)
as evidenced in the measurements of the angular distribution of
the deuterons (79). At higher energies, however, the anisotropy
becomes pronounced. This will change the spectrum shape somewhat
but for sufficiently thin targets it will produce a negligible
effect in deducing the maximum alpha~particle energy. The second
assumption is quite reasonable since the ground state of Be8,
having zero angular momentum, should emit the alpha-particles
in an S-state and thus isotropically. As mentioned in the 012*
work, neglecting the width of the ground state of BeB(< L ev)
introduces a negligible error in the spectrum.

The Q~value for the Be8 breakup can be deduced from the
maximum energy of the alpha-particles and is for the present

case:s

1/2
12 _ 172 ) [ X Eoo )
¢ ? -[Ma (Md+M8]kQ°+ p* ¥

MM E 2 cosd 1/2
+e, + =22 . COSL(MO(MEE)]'/z /
 u+w)? weu PP
p 9 p 9



~}}9=
where E and M refer to the energies and nuclear masses of

the lons indicated by the subscript in Table V,

TABLE V

Nuclear Masses used in the Calculations

Nucleus Synmbol Nuclear Mass

(¥ass Units on the Physical Scale)
B '3 1.0076
12 M, | 2.01k2
Hel M L .0028
Be8 Mg 8.0657
Be’ ¥ 9.0128

Q, is the Q-value for the primary reaction Be9(p,d)Be8, and @,
is the laboratory angle of the spectrometer with respect to the
incident beam. A summary of the results and error assigmments
are shown in Table VI. The errors have been divided into the
systematic errors (for example, the uncertainty in the angle
measurement) which are common to all the runs and the random or
statistical errors (the uncertainty in the determination of the
extrapolated cut-off for each run and the random uncertainty in
the energy calibrations). The evaluation of the systematic
errors in the table is carried out for the high energy (985 kev)

data, since this error is slightly greater than the corresponding
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TABLE VI

Summary of Results and Probable Error Assignments

Be9+p->Be8+d+Qo

Bes—b o + QZ

A. Random Errors
Run  E # AEp(kev) E + AE (kev) |
1 98L.9 + 1.2 3Lkl + 0.9
2 985.5 # 1.2 345.0 + 1.2
3 981.7 + 0.9 3L3.8 + 1.5
L 982.7 + 0.9 3L3.5 + 2.2
Weighted Mean
1 606.0 + 0.8 298.1 + 0.7
2 606.l ¥ 0.8 296.9 ¥ 1.5
Weighted Mean
Overall
B. Systematic Errors b
Q
Source of Error Quantity 6-5{2
Affected i
Contamination
Layers
2.06 + 0.90 kev Eo( + 0.696
0.29 + 0.15 kev Ep - 0.08L
= 83.L + 0.2 deg. 8 + 2.9L
Q, =559 + 1 kev Q, -.11
A127(p,y)8128 E, + 0,696
9933 + 1.0 kev Ep - 0.084

Q Rel. Wgte

93.68 + 0.6L 15

9L.05 + 0.88 10

93.51 + 1.0k 3

93425 + 1.56 1

93.77 + 0.l

94.28 + 0.54 15

9L.12 + 0.49

93.90 + 0.33

_0%

AX 6@2 T = AX, (kev)
+0.90 + 0.63
+0.15 3 0.01 + 0.62
+ 0.2 + 0.59
+ 1.0 + 0.11
+0.3Lh  +o0.2p
+0.99 % 0.08 + 0.16

High Energy [2(3%2)]%»: +0.88

Q, = 93.90 + 0.5k
Correction for Small Effects AQ2 = 0.2

Final Value Qz =

93.7 + 0.9
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error for the low-energy data. The probable error in § for
independent errors in its variables, Xi, has been calculated using

thé law of the propagation of errors (80):
n
1/2
= 3Q 2
AQ= [Z (S'ii“xi)
: i

In assigning an error to a weighted average the greater of the
external and internal error (8l) is chosen. It is evident from
Table VI that the total error is almost entirely of systematic
origin, the large number of runs having reduced the contribution
of the statistical errors té a practically negligible amount.
The largest systematic errors arose from the uncertainty in the
measurement of the angle of observation and in the uncertainty
in the thickness of the contamination layers. The -angle
measurement has been discussed.above and it would appear from
Fig. 26 that an error of + 0.2° is a reasonably conservative
estimate.

The contamination layers for freshly evaporated targets
were measured by observing elastically scattering protons from
the contaminations as well as from the Al target~backing. After
considerable bombardment, with the effect of increasing the.
amount of contamination on the target, the spectrum was taken
again. From the observed shift of the protons scattered from
the Al and the increase in area under the carbon peak, the

contamination layer for a "clean" target was estimated. By this



52~
method the energy loss for the emerging alpha-particles was found
to be approximately 2 kev. A rather large error of + 0.9 kev was
assipned to account for different layers on different targets. The
contamination studies were carried out using the 10%" double-focusing
spectrometer rather than the strong-focusing spectrometer. The
observed buildup of contamination layers while using the strong-
focusing spectrometer was found to be negligible.

Calculations indicate that neglecting relativistic effects,
the target potential, and the thermal motion of the target atoms in
the calculations leads to an error of A.Qa = «0.2 kev in the final
k) _

93+7 + 0.9 kev which may be compared with previously reported values

Qz-value. With this correction the final value is Qz(Be8 - 2He

of 103 + 10 kev (L), 89 + 5 kev (5) and 9L.5 + 1.4 kev (78).

B12

E. .B"(d,p)B- ABSOLUTE CROSS-SECTION

The 312 beta~-spectrum was also investigated using the equip-
ment previously described and a "thick" (14 mg/cmz) natural boron
target backed with 1/L mil Al. The boron was thick enough to stop
the incident deuterons and could therefore be used to provide an
absolute normalization for the cross-section work of R. W. Kavanagh
(36)e At the same time the target was thin enough to the B-rays to
give an indicatlon of the amount of backscatter observed in the pre-
vious work with the "thin" Ta-backed target; the Ta backing was about
1 gm/cm?. The spectrum and Kurie plot so obtained are shown in

Figs. 27 and 28. Comparison of these figures with Fig. 21 and 22
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shows that the thick target spectrum follows the known spectrum to
much lower ﬁomenta than does the thin target spectrum. Since the
experimental arrangements were identicél in the two cases, the
difference in the observed spectra is attributed to backscatter from
the Ta-backing of the B11 target.

Determination of the absblute cross~section for B12
formation from the thin target data requires among other things
a knowledge of the number of Bll nuclei per cmz, nB, in the target.
This quantity was measured by comparing the momentum shift of
elastically scattered protons from pure Ta and the Ta-backed
target; the observed profiles are shown in Fig. 29. Analysis of
the profiles in the Appendix gives nB =39 + 2 micrograms/cme.

The absolute cross-section is then obtained from ihemequation
given previously; valueslfor several different deuteron energies
are tabulated in Table VII.

Absolute cross-sections are obtained for the thick target
‘experiments by determining K, the absolute normalizing constant
from the following formulas

Ed
NB(Ed) =Ff6(-.0_/lm)ﬁ S _Igg_gg) dE
- A d
where N (Ed) is the number of f-rays per incident deuteron,

B

F, f."3 and (.o /).m)(3 are as defined before, E; is the incident deuteron

energy, ed is the stopping cross~section for deuterons in boron,

and G(E)Vare the thin target cross-sections of Kavanagh. The proton
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stopping cross-sections in boron, ap, were obtained by interpolation
for Z = 5 on curves of 8p(Z) for protons versus Z for constant
energies. The curves wéré obtained from the data of Fuchs and
Whaling (81). The deuteron stopping cross-sections were then ob=—
tained from ep in the usual manner. Values of K for several
incident deuferon energies, Ed’ were obtained by numerical integra-
tion; the results are tabulated in Table VII, The mean value
" of the absolute normalizing constant is K = 0.67 + 0.09; the data

of Kavanagh with this normalization is shown in Fig. 30. N

TABLE VII
Absolute Cross-sections for Bll(d,p)Blz.
Deuteron Energy g (Bll target) o (Natural Boron)

Ed(Mev) Barns Barns
0.918 0.09 + 0.01
1.11 0.15 + 0.02 0.14 + 0.02
1.37 0.22 + 0.03 0.21 + 0.03
1.57 0.28 + 0.04 0.26 + 0.04
1.65 0.29 + 0.04 0,27 + 0.0k

Errors of + 15 percent are assigned to the cross-sections.
The major contribution arises from the uncertainty in F which

was taken to be F = 0.436 + 0.0L8.



ASTROPHYSTICAL CONCLUSION

It has been shown that the second excited state of 012

deca;ys into three alpha-particles through an intermediate stage
invoiving He)4 and the ground state of Be8. The general reversi-
bility of nuclear reactions thus allows the conclusion that C12
can be produced through the 7.65-Mev state in the Salpeter
processest

2Heh = Bes; Bes(c(,y or e:'-‘)Cl2

The experiments reported here show that Q(Gl2 -3 Heh) = 372 + L kev;

the reaction rate of the conversion of helium into carbon is then

p =2.37 x 10-1‘ (px&()2 -g: exp(- 2_4_3_:_2_) sect
8 Tg
where r';' ~ 0,00l eve If the gamma radiation is highly
forbidden, then I—'Y must be replaced by f;_e ~ 5 x 10"'S eve
As mentioned previously, the e 'nu::.lei formed in the
above manner are expected to be destroyed mairily in the reaction

012(«,7)016. On this assumption Hoyle (7) has shown that the

ratio, K, of the reaction rate of

L 12

3 — ¢ +y (orel)

to the reaction rate of

12 L 16

C" +He —» O + vy
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can be related to observed cosmic abundances of ¢'? ana 016.

A reasonable value of this ratio, according to Hoyle, is K = 1/9.
. Calculation of the reaction rate for GlZGx,Y}Olé in the

manner described in detail by Salpeter\(l) and Hoyle (7) yields

1010 4 |
p(ct2s »016) = LU3x 107 (my) 9xp(-69 /75 ) -1
T2 (1 +0.16 Tg “)2

where tha dimensionless reduced width for alpha-particle decay
'has been taken to be ei = 0.l The entire reaction rate, in this
case, comes from the non-resonant contribution of the fourth exci-
ted state (l") in 016, the contributions from other states being
negligible. The reaction rate for the formation of 012, assuming
no contribution from the 7.653-Mev state, is found by considering
the non-resonant contribution from the L.Li3-Mev state. The ratio

between the resonant (7.65-Mev) and non-resonant reaction rates is

E——(BHeh ¢12) » 1:41 x 107 exp(~ 50.8 T3 32,2 ) 1)
Phr (Ta)‘“

where again we have taken qi =

O.1. The mean life for the various
reaction rates as a function of the temperature is shown in Fig. 3.
Salpeter estimates that the reaction rates calculated in this
manner are accurate to better than a factor of twenty either way;

the quantities indicated on the curves give rise to the major



uncertainties. It is apparent then that K is much too large for the

non~resonant formation of 012 which would imply a very low abun=

dance of observed 012. On the other hand, the resonant reaction

involving the 7.65-Mev level permits a value of K = 1/9 at

T~1.2 x 108 OK; at higher temperatures helium burning primarily

16

produces 01?, at lower temperatures O . It thus appears that the
7.653-¥ev level plays a dominant role in the synthesis of elements
from helium as predicted by Hoyle.

4s noted above, however, there are still considerable

uncertainties in the computed reaction rates. The Y-ray width,

P‘Y’ for the Be8 + Heh—a 012 reaction can probably best be obtained

by measuring {" Y/ [ and Fﬁ/[:( and using the experimentally

measured matrix element (71) to give r+e. Alternatively a life-

12

time measurement of C° (7.65) would give T /r + and hence [';_

from a measurement of | / r;. More information on the Ol‘5 pro-
ducing reaction may perhaps be obtained by studying Clz(c(,y)olé
directly. Table VITT lists the calculated cross-sections as a
function of energy, assuning 602{ = O.1. The expected thick target
yield is thus of the order of 10_12 Y-rays per alpha-particle.

A 10 pamp beam of alpha~-particles would produce ~ 30 y-rays/sec

which is not very prolific, to say the least.
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TABLE VIII
Cross-sections for (321'2(«:(,‘;")()1{5 assuming 63( = 0.l
E d( Mev) ‘cs( barns)
1.0 3.8 x 1072
1.5 5.2 x 1071
2.0 1.0 x 20720
2.5 .2 x 10730
3.0 3.9 x 10720
3.5 2.8 x 1071¢
4.0 2.1 x 10710




CALCULATION OF THE THICKNESS OF THE Bll TARGET

The target is composed of Bl:L nuclei imbedded in a Ta
backinges Protons elastically scattered from the target and from
pure Ta yield the profiles shown in Fige. 29. The energy loss per

unit path length in the target is

pplx)
Py

p(x)
E =2 B~ (1)

gl +
T

8'
Py _B)
where x is the distance from the target edge along the proton
path, P and Py are the normal densities of tantalum and boron
respectively, pT(x) and pB(x) are the respective densities of the
3
°r and
sé'designate the proton energy loss per unit path length in normal

tantalum and the B11 in the target as a function of x, and ¢

Ta and normal boron respectively. The factor of iwo accounts for the
energy loss encountered by the protons in both entering and leaving
the target.

The number of protons scattered from Ta per unit path
length is

& pT(x) . PT(x) C dE
Sy YT e W T R ey (2)
Pp g

where C is a constant of proportionality to be evaluated latere.



The energy of the particles expressed in terms of the inverse

momentum, I, is

KS -ZKSdI
E= '1—2' ) dE = —?-—' (3)

where KS is the spectrometer calibration constant.
Letting NI represent the number of counts observed at the

spectrometer setting, I, we have:

po=d I_ v an?s w
I dd R EAaR dE ;2;
where R = al_'[' is the resolution of the spectrometer.
Therefore from equations 2 and L
- CKg
N
1T T R &2
. evmmasattma— \
G+ o Ty TR
The constant C is evaluated by observing that when
%(x) = 0, NI = NI pax® Solving for C and substituting back
into equation 5 gives
N
HI - T max (6)
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Equation 6 may be solved for pB(x) giving

py(x) = pT(x) p G (-Eﬁ—mﬂ‘;- 1) (7)

In a similar manner one obtains

T T ar

= pT(x) e% NI max Ej

(8)
11 .
The area density of B~ is then given by:

1 N
S-X PB(X)dx=£S—§S a-r— % (9)

3
I Imax I
o

o

which can be evaluated numerically. For small displacements,

the value of I is approximately constant over the iﬁtegration, and

L
N dI
. Kshp Js, e S )
- ]
eBI NI
. max

The quantity in braces is simply the displaced area divided
by the maximum number of counts which is approximately the average

displacement, 61,

K.p.01 pOE
s fg ~ 1'3 (11)
o
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where 6E is the average energy displacement. The quantity e'B

is related to the stopping cross-section EB by

1
B B

(12)
where Ny is the number of B atoms/cc, N, is Avogadro's number

and A the atomic mass of Bll. This substitution gives

ASE (13)
®% Wep
oB
Evaluating the integral of egquation 9 numerically for the
observed profile, making the small angle correction and using
KS = 3,866 x 108, eg = 3.83 x 10—2l GVHcmz, Ne = 6,025 x 1023
atoms/mole, and A = 11.01 gm/mole we obtain s, = 36 j:?pgm/cm2.

11

The B™™ thickness over the target was surveyed with the B-ray

counter; at the position used for the work described previously;

2
s, =39%2 pem/cm” .
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