PHYSICAL REVIEW VOLUME

82, NUMBLER 1 APRIL 1, 1951

The Absorption of Slow =~ Mesons in Deuterium

S. TAMOR,*}
University of Rochester, Rochester, New York
(Received October 5, 1950)

The possible mechanisms for absorption of =~ mesons in deuterium are considered. A phenomenological
treatment of the simple “neutron absorption” enables one to calculate the competition between the processes
independently of the value of the 7~ nucleon coupling constant. It is found that various meson theories for
the charged meson lead to markedly different predictions for the fraction of events leading to gamma-ray
emission. The results are compared with experiment and lead to the conclusion that the charged meson is
either pseudoscalar or pseudovector. Comparison with the (#%:) ratio from the absorption in hydrogen
indicates that if the charged meson is pseudoscalar the neutral meson is also pseudoscalar.

I. INTRODUCTION

HE recent experiments on the absorption of 7~

mesons in hydrogen' provide a very sensitive
method of determining the #° rest mass. Furthermore,
the (#°:v) ratio enables one to calculate the strength
of the m° nucleon coupling for any assumed theories of
the charged and neutral meson.? The experiment does
not, however, provide any clearcut information con-
cerning the properties of the charged meson. It has
been suggested® that an investigation of the absorption
process in deuterium would lead to a method of de-
termining the spin and parity of the charged meson.

There are three ways in which this process can go:
“neutron absorption” (simple disintegration of the
deuteron into two neutrons), radiative absorption
(absorption accompanied by gamma-emission), and
mesic absorption (absorption accompanied by emission
of a neutral meson). In a completely field-theoretic
calculation the lowest order in which the neutron
absorption can take place is the third. The radiative and
mesic processes can be treated as second-order processes,
as in hydrogen. In this calculation the nucleon-nucleon
interaction is treated phenomenologically, by means of
an empirical potential. If this potential is included in
the unperturbed nucleon hamiltonian, the neutron
absorption can be treated as a first-order process in
complete analogy with the photo-disintegration of the
deuteron.* This method has the advantage that all
three modes of absorption are of first-order in the =~
coupling constant, so that the ratios of the transition
probabilities are independent of the strength of this
coupling.

The observed decay of the neutral meson into two
gamma-rays shows that the «° cannot have spin one.
However, no such conclusion can be drawn for the
charged meson. Calculations are, therefore, performed
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for neutral mesons of the type S(S), PS(PS), and
PS(PV), and for charged mesons of the type S(S),
PS(PS), PS(PV), V(V), and PV (PV). [PS(PV) de-
notes pseudoscalar meson with pseudovector coupling,
and similarly is for the others.] Gradient couplings for
the S, V, and PV fields do not lead to any essentially
new results.

II. THE METHOD OF CALCULATION

It has been shown by Wightman® that a meson
passing through liquid hydrogen or deuterium will be
slowed down, captured into a Bohr orbit, and cascade
down to the K shell in much less time than the natural
m— u-decay time. We, therefore, assume that all mesons
are absorbed from the 1S state of the mesic deuterium
atom. It is true that the 2§ state is metastable so that
an appreciable fraction of the mesons may be absorbed
from this level. However, everything said about the
1S level also applies to all other .S states except for a
normalization factor.

Since the deuteron wave function is a 35,+42D, state,
the spatial wave function of the initial state has even
parity. However, the exclusion principle applied to the
final neutrons requires that the wave function be com-
pletely antisymmetric in their coordinates. This,
combined with parity conservation, introduces selection
rules which strongly affect the probability for neutron
absorption.

The entire method of treatment is inherently non-
relativistic. The problem, therefore, resolves itself into
two parts: first, to find the nonrelativistic approxima-
tion to the interaction operator for the process under
consideration, and second, to evaluate the integral
representing the overlap of the initial and final wave
functions. If the interaction operator is odd, its non-
relativistic form is most easily found by application of
the canonical transformation discussed by Foldy and
Wouthuysen.® The exclusion principle is taken into
account by explicitly antisymmetrizing the final neutron
wave function. Since the deuteron wave function is
completely symmetric with respect to interchange of
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the nucleon coordinates, only that part of the inter-
action which is antisymmetric in the nucleon coordi-
nates leads to nonvanishing matrix elements. For the
two-step processes of radiative and mesic absorption,
it is important to use the relativistic interactions and
only to pass to the Pauli approximation after the sum
over intermediate states has been performed. Other-
‘wise, transitions through states of negative energy,
which are frequently important, will not be included.
All matrix elements are calculated to the lowest non-
vanishing order in the nucleon velocities and u/M,
where p and M are the meson and nucleon masses
respectively. Since the radius of the mesic Bohr orbit
is much larger than the radius of the deuteron, the
meson wave function may be replaced by its value at
the origin, and terms involving the gradient of the
meson wave function may be neglected.

(A) Neutron Absorption

The nonrelativistic forms of the S(S) and PV (PV)
interactions may be written down immediately as ¢
and ¢-¢ respectively; the Foldy-Wouthuysen trans-
formation gives for the PS(PV) and V(V) cases

PS(PV) (h/Mc)a-pep, V(V) (h/Mc)é-p,

where the vectors ¢ and p are respectively the nucleon
spin and momentum operators, and

fic (et b) hic
a —, ¢=
(?.Ez)’-“ 1 )T (ZEI)*

¢:

e(ar b)) pir.

Here, ¢; is the wave function of a meson in the ’th
Bohr orbit, and e is a unit vector in the direction of
polarization of the meson; for a meson at rest, the fourth
component of the vector meson field is zero.

The matrix element for the absorption of a PS(PS)
meson is found by use of the equivalence theorem.”
Dyson has pointed out, however, that the equivalence
theorem must be modified in the presence of a phe-
nomenological nucleon-nucleon interaction which has a
charge exchange character. Application of his trans-
formation to a system with a potential interaction V,
having an arbitrary spin and charge dependence, leads
to the modified equivalence relation (keeping only
terms to first order in g)

o-Vo—(1/¢)vs(8¢/0t) = 2iMBysdo+vs[V, ¢ .

The commutator vanishes when the potential V' does
not contain isotopic spin operators.

After antisymmetrizing the interactions, the matrix
elements become (except for factors of 7)

4/ QB0 0130 #0) [ Vo,

where xo and xs are the initial and final nucleon spin
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functions, ¥, and ¥y are the spatial part of the initial

and final wave functions, and the operator Q is given by

S(S) 0,

PS(PV) (/Mc)i(orta)-K,
V(V) (h/Mc)e-K,
PS(PV) %(0‘1—' 02)'8.

Here K denotes the final nucleon momentum in the
center-of-mass system of the final neutrons (which in
this case coincides with the laboratory system). If one
assumes a nucleon-nucleon interaction of the form?
V(r)(14Px)/2 (Pr is the Majorana operator), the
PS(PS) matrix element becomes

o1to:

2

/)
(4m)? L"‘(X!* ‘K

2M Mc

Xo) ¢(0)

X f l//o( 1—%(;:—))‘//,@

After squaring the matrix element, we find that the
sums over initial and final spins proceed in exactly the
same manner as in the photo-disintegration of the
deuteron.’ On multiplication by the density of final
states, the transition probabilities per unit time are in
units of §(g*/hc)N*(h/pc)*-c- | ¢(0)|?;

S(S) 0,

PS(PS)  2w(u/M)*(RK/uc)| I'|?

PS(PV) 8x(u/M)(hK/uc)|I|?,

V(v) dm(p/M)(RK/pc)| 1|2,

PV(PV) 12x(M/p)(hK/uc)|I|%; (J=0),
where

I= f (o) /r)Ys(0)d,

I'= f (o) /1) (L= V(1) /s (1) .

uo denotes the radial part of the deuteron wave function,
and N is its normalization factor.

It should be noted that for mesons of spin one there
are three possible values for the total angular momen-
tum of the meson-deuteron system. For the case of
pseudovector mesons the above matrix elements corre-
spond to absorption from the state J=0 of the meson-
deuteron system. Since the deuteron is partially in a
8D, state, neutron absorption from the state J=2 is
also possible. This is calculated by replacing xo by
27%S19x0(S12 is the tensor operator) and using the ap-
propriate radial wave function for the 3D, state.
Neutron absorption from the state J=1 is forbidden.!?
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(B) Radiative Absorption

Both the radiative and mesic absorptions may be
treated as second-order processes. Here, only the proton
takes part in the interaction, since interactions of the
neutron with the meson or electromagnetic fields can
only occur in higher order. It is easy to see that if the
depth of the nucleon-nucleon potential is small com-
pared to M¢? the deuteron may be treated as a super-
position of free Dirac wave functions with a momentum
distribution corresponding to the fourier transform
of the nonrelativistic deuteron wave function. For every
value of the final relative momentum of the nucleons,
K, and of the y-ray (or meson) momentum, k, there
corresponds a matrix element for the interaction which
can be expressed as a function of K and k. If this is a
slowly varying function of K, it is possible to write the
matrix element for the absorption of the meson and
emission of a quantum of momentum k as

f dKM (k, K) f Yo(r)e &0y (r)dr,

where M is the corresponding matrix element for a free
proton, and yy is the final neutron wave function which
is asymptotically a plane wave representing a relative
momentum K. The magnitudes of K and k are related
to one another through the requirement of energy
conservation.

Thus, the problem is again separated into two parts;
the determination of the nonrelativistic matrix element
and the evaluation of an overlap integral. The matrix
element M (k, K) is calculated in the same way as in
the hydrogen case except that the proton can no
longer be considered to be initially at rest. The calcula-
tion is easily performed using either the standard
methods of perturbation theory or the new techniques
of Feynman.

In this calculation the anomalous magnetic moment
of the nucleon is treated phenomenologically by adding
an additional interaction between the nucleon and the
radiation field."* A completely field-theoretic calculation
would require consideration of higher order processes
involving the virtual emission and absorption of mesons.
In view of the fact that, at present, meson theory does
not give quantitatively the correct nucleon moments,
and since higher order terms would defeat the purpose
of the present calculation by introducing higher powers
of g, we simply add this anomalous interaction to the
ordinary spin moment of the nucleon.

After summing over intermediate states and passing
to the Pauli approximation, we find for the matrix
elements for the absorption of a meson with the emission
of a gamma-ray of wave number k,

%
dreg———— (3 ¥ Dy dr
Teg(ZE)*(Zhw)* C(Xf IQIXo)fll'fe Yo

W, Pauli, Handbuch der Physik, Vol. 24/1, p. 233.
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where Q is given by

S(S) T'(h/uc) o kXe,
PS(PS) or-e,

PS(PV) (2M/u)o: e,

V(V) (M/u)e-etio,-eXe,
PV(PV) (M/woiek-e)/|k|.

Here, T is the difference of the neutron and proton
magnetic moments in units of the ordinary Dirac mo-
ment (I'=4.7), and ¢ is a unit vector in the direction
of polarization of the gamma-ray.

The probabilities for transitions to the singlet state
are, in units of 3(g%/hc)N2(h/uc)’c| 0(0)|2|I.(k)|?,

S(S) 202(u/ M) (h/ uc) K Edk,
PS(PS)  2(u/M)(h/uc)*Kkdk,
PS(PV)  8(M/u)(h/uc)Kkdk,
v(v) (4u/3M)(h/ uc) K kdk,

PV(PV) (2M/u)(h/uc)’Kkidk, (J=1)

where
I":f (uo(r)/r)e= 1Dy (r)dr,

and ¥, is the symmetric part of the final neutron wave
function.

Similarly, if we replace I, by I, where the neutron
wave function is now antisymmetric in space, the tran-
sition probabilities to triplet states are, in the same
units,

S(S) 4T%(u/ M) (h/ uc)*Kkdk,

PS(PS)  4(u/M)(h/uc)*Kkdk,

PS(PV)  16(M/u)(h/uc)*K kdk,

V(V) 2(M /) (h/ uc)* K kdk,

PV(PV) 2(M/u)(h/uc)’Kkdk. (J=0,2)

Since the deuteron is a loosely bound system, the
most probable transitions are those in which the gamma-
ray carries off most of the available energy. Therefore,
the final state is predominantly S, and the most im-
portant transitions (except in the vector case) are those
to the singlet state.

(C) Mesic Absorption

The calculation of the probability for mesic absorp-
tion proceeds in exactly the same way as for the radia-
tive case. Since there are so many possible combinations
of 7® and = meson theories, we shall not list all the
matrix elements but simply discuss the important fea-
tures of the interactions.

As a first approximation, the matrix elements for
mesic absorption in deuterium should be the same as
those for hydrogen, except for the operation of the
exclusion principle. The antisymmetrization in most
cases simply introduces a factor of § arising from the
averaging over initial spins. The only exceptions occur
when both mesons are scalar or both pseudoscalar.
In these cases, transitions to singlet states are impossible
so that the P parts of the final nucleon and meson wave
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functions contribute to the integral. This reduces the

probabilities for these processes by a large factor. In

the other cases, one would expect the (w%: ) ratios to

be about the same as in the hydrogen case. However, the

binding energy of the deuteron uses up a considerable

fraction of the (7~ — =) mass difference so that the

volume of phase space available to the meson is dimin-

ished. This has the effect of decreasing all the mesic

absorption probabilities by factors of 10 to 100.

III. RESULTS

The various integrals were evaluated using the
deuteron wave function wue(r)=N(e~Y"—ePr) corre-
sponding to the Hulthén potential (y2—f?)/(e6—7r—1),
This potential closely approximates the Yukawa po-
tential but has the advantage of permitting an analytic
solution of the wave equation. The parameters v and 8
are determined from the effective range and scattering
length of the n—p interaction.”? In the case of neutron
absorption, the energy available in the center of mass
system is 138 Mev so that the final neutron wave func-
tion is very nearly a plane wave. However, in the radia-
tive and mesic processes the neutrons carry off very
little energy, and the distortion of the wave function
due to mutual interaction may be large. The S part of

the wave function may be approximated at low energies
by

(1—e) sin(Kr+48)/Kr,

where the parameter 7 is determined from the effective
singlet range of the n—# interaction. The parameters
for the n—n interaction are obtained by assuming that
this interaction is the same as the nuclear part of the
p— p interaction. The phase shift, §, is obtained from

K coté= — a+31Kre,

where 7y is the effective range of the singlet interaction,
and e is the reciprocal scattering length. These approxi-
mations are valid throughout the range of energies
available for the mesic absorption process. For radiative
absorption the approximation breaks down for nucleon
energies much over 10 Mev, but this is already well
beyond the peak in the gamma-ray spectrum. At these
energies the distortion of the P state wave function
may be neglected.

The integrals have been evaluated using a meson
mass of 277m., a deuteron binding energy of 2.24 Mev,
and a neutron-proton mass difference * of 1.31 Mev.
For the triplet interaction an effective range of
1.60-1071 cm was used, while for the singlet inter-
action 7=2.43-10"® cm, a=—0.421-102 cm™, and
n=12.8-102 cm™.. In Table I are listed the transition
probabilities for neutron absorption, and the inte-
grated radiative absorption probabilities. The energy

2], M. Blatt and J. D. Jackson, Phys. Rev. 76, 18 (1949);
H. A. Bethe and C. Longmire, Phys. Rev. 77, 647 (1950). Where
possible, the notation of these papers is used here.

13 R. Bell and L. Elliot, Phys. Rev. 74, 1552 (1948).
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TaBLE I. Transition probabilities for neutron and radiative ab-
sorption in units of g(g’/hc)N’(h/m:)%] ©(0)|2=0.91-10' sec™.

Meson theory S(S) PS(PS) PS(PV) V(V) PV(PV)
Neutron 0 2.7-107%  0.25 0.12 2.5(J =0)
absorption 0 (J=1)
0.15(J =2)
Radiative 0.012 6.6-107% 0.12 2.2-107%  2,10-107%(J =1)
2.4-1073(J =0, 2)
Ratio 0 4.1 2.1 55 2

spectrum of the gamma-rays from the absorption of
pseudoscalar mesons is shown in Fig. 1. The shapes of
the spectra arising from scalar and pseudovector mesons
are almost indistinguishable from this, because % is
essentially constant over the width of the maximum.
The singlet probabilities were also calculated using
undistorted wave functions for the final state. The effect
of ignoring the neutron-neutron interaction is to in-
crease the half-width of the maximum from something
less than 2 Mev to about 12 Mev, but the integrated
transition probabilities are relatively unaffected.

The probabilities for mesic absorption are given in
Table II. The integrals were evaluated for (z—— %)
mass differences of 4.25 and 4.75 Mev."!* These num-
bers were all obtained using the distorted wave func-
tion for the § wave. The effect of ignoring the n—n
interaction is to decrease the transition probability by a
factor of 5 to 20.

These results indicate that the relative probabilities
for the three absorption mechanisms depend strongly
upon the assumed spin and parity of the charged meson.

(A) Scalar Mesons

Here, all absorption leads to either gamma-rays or
neutral mesons. If the #° is also scalar, no neutral
mesons should be found, but the assumption of a

‘pseudoscalar neutral meson leads to a probability for

a

INTENSITY
~
L
~——

a
"

T T T

GAMMA~RAY ENERGY (mev)

Fic. 1. Energy distribution of gamma-rays from the absorption
of pseudoscalar mesons in deuterium. (a) Calculated using plane
waves for final neutrons. (b) Calculated using distorted wave for
S part of neutron wave function.

1 W. Panofsky, private communication. According to the newest
data, the (#~—=?) mass difference is closer to 6 Mev. This will
have the effect of increasing the probabilities for mesic absorption
by about a factor of 2 compared to those given for a mass differ-
ence of 4.75 Mev. None of the qualitative features of the results
are changed however.
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TasLE II. Transition probabilities for mesic absorption for
various meson theories in units of g2/kc-0.91-10% sec™’. Ay is the
(m~—x% mass difference. In the last column are given the ap-
propriate 7 coupling constants and their values as determined
from the absorption of mesons in hydrogen (reference 2). The
notation here is the same as in ref. 2; Ag=gn—gp, g=gr+gp.
The actual probability is the product of column 3 or 4 with
column 5.

W(Aup=4.25 W(Ap=4.75 Coupling
T w0 Mev) Mev) constant
S5(S) S(S) 1.0 -107°5  6.8-1075  (Ag)? =0.008
PS(PS) PS(PS)  0.59-1077  39-1077  (2)* =0.06
PS(PV)  PS(PV) 059-1077  39.-1007 (32 =11
PS(PS) PS(PV) 059-1007  39.1007  (Ag)? =0.06
PS(PV)  PS(PS) 0.59-1077  39.1077  (Ag) =11
S(S) PS(PS) 1.1 .10 3.9.105  (Ag)? =27
S(S) PS(PV) 19 -10%  6.8-103%  (Ag)? =0.15
PS(PS) S(S) 0.62-1077  2.2-1077  (Ag)? =210
PS(PV)  S(S) 1.1 .10 39-1075  (2g,)?=210
V(V) S(S) 1.8 -1075 691075  (Ag)? =528
Vv (V) PS(PS) 20 -107%  3.6-107%  (Ag)? =093
144%) PS(PV) 20 -10%  3.6-10°  (p? =0.93
PV(PV)  S(S) 0.35 0.64 (Ag)? =0.005
PV(PV) PS(PS) 0.73-10°  2.6-105  (3)? =26b
PY(PV) PS(PV) 1.3 -107% 45.10% (5 =0.15b

a This assumes a symmetric theory. A neutral theory applied to the hy-
drogen experiment gives the same #° coupling constant but in deuterium
gives a zero transition probability in this approximation.

b Here, a neutral theory is assumed. A symmetric theory for the hydrogen
experiment gives coupling constants half as large but gives zero for the
deuteron absorption.

mesic absorption of about 10 percent. There are two
effects which tend to invalidate the selection rule against
neutron absorption of scalar mesons. The first is the
possibility of absorption from states of higher angular
momentum, especially from the 2P state. The ab-
sorption probability from the 2P state has been calcu-
lated and is (g2/kc)1.71-10 sec™. This is to be com-
pared with the probability of radiative transitions to
the 1S state. The probability for the 2P — 1S transition
is given by 1®

Wap_1s=c(uc/h)(¢*/he)*(3)®

and 1s 1.75-10" sec™!. Therefore, in order for an ap-
preciable fraction of the mesons to be absorbed before
reaching the ground state, the =~ coupling constant
must be about 10. For higher P states it is easy to show
that the ratio of the absorption probability to that for
radiative transitions to lower states is essentially inde-
pendent of »n. For states of higher angular momentum
the absorption probability falls off approximately as
1/(21)! (r/ao)?, where r is the radius of the deuteron,
and a is the mesic Bohr radius. Assuming a value of }
for the scalar meson coupling constant, not more than
4 percent of the mesons are absorbed before reaching
either the 15 or the 25 state.

The other effect tending to invalidate the selection
rule is the presence of relativistic terms in a correct
field theoretic calculation. The relativistic matrix ele-
ment for the third-order process is easily calculated,
and again turns out to be identically zero. (This result
was first obtained by A. S. Wightman.) We can con-

18 H. A. Bethe, Handbuch der Physik, Vol. 24/1, p. 440.
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clude, therefore, that if the charged meson is scalar,
the vast majority of absorptions would lead to gamma-
ray emission, with about 10 percent neutral mesons if
the #° is pseudoscalar.

(B) Pseudoscalar Mesons

In this case the neutron and radiative processes com-
pete. The PS(PS) case gives a ratio of neutron to radia-
tive absorption of 4.1 to 1, or 20 percent gamma-
emission, while the PS(PV) theory gives a ratio 2.1 to 1,
or 32 percent gamma-emission. If the equivalence
theorem were valid, both would give a ratio of 2.1 to 1.
The assumption of a pseudoscalar neutral meson gives
no observable number of mesic absorptions. However,
the probability of emission of a scalar #° is about 10
percent of the radiative.

The neutron absorption probability in the PS(PV)
case was also calculated using a square well for the n—p
interaction. This leads to a neutron radiative ratio of
1.4 to 1 or a probability for gamma-emission of 42 per-
cent. (The probability for radiative absorption is quite
insensitive to the shape of the potential.) If the charged
meson-is pseudoscalar, we would, therefore, expect to
observe a high energy gamma-ray in 20 to 40 percent
of the events. A pseudoscalar neutral meson would not
be observed, but a scalar meson should be detectable

(C) Vector Mesons

The absorption of a vector meson should lead to no
observable number of either gamma-rays or neutral
mesons.

(D) Pseudovector Mesons

Here, the crucial effect is not the relative rates of the
neutron and radiative absorptions but the relative
populations of the states J=0, 1, 2. If one assumes them
to be populated according to their statistical weights,
the ratio of neutron to radiative absorption is 2 to 1.
Strictly speaking, however, the populations of these
states depend on the previous history of the meson
during its cascade to the ground state. To see how much
difference this makes, one can assume that in some
higher energy level the degenerate states are populated
according to their statistical weights (this should be
true for very high levels) and then trace the meson down
to the ground state (or 2S state). This was done for
several initial energy levels, and in no case was a sig-
nificant deviation from the statistical distribution
found.

Radiative absorption can, indeed, take place from
the states J=0 and 2, but this matrix element brings
down additional powers of the nucleon momentum and,
therefore, leads to a smaller transition probability
than for J=1. The absorption probability for J=2 was
calculated by numerical integration using the D state
wave function given by Rarita and Schwinger.® While
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the result is admittedly very approximate, it does show
that from the state J=2 the predominant process is
neutron absorption.

The number given for the mesic absorption prob-
ability also represents absorption from the J=0 state
and is much smaller than the neutron probability. For
states of higher J, additional powers of the meson
and nucleon momenta appear which make the prob-
ability for mesic absorption extremely small. We may,
therefore, say that no neutral mesons should be ob-
served, regardless of their parity.

IV. CONCLUSIONS

Preliminary results of the experiment of Panofsky,
Aamodt, and Hadley on the absorption of =~ mesons
in deuterium! indicate a gamma-ray spectrum with a
large peak in the neighborhood of 130 Mev, while there
is no detectable peak in the spectrum at 70 Mev where
the decay quanta from the neutral meson would appear.

They estimate that of the total number of absorption
events, about § actually give rise to gamma-rays. These
results are inconsistent with the assumption of either a
scalar or vector character for the charged meson but do
fit with both the pseudoscalar and pseudovector
theories. If the charged meson is assumed to be pseudo-
scalar, the absence of neutral mesons indicates that they
too are pseudoscalar. If, on the other hand, the charged
meson is assumed to be pseudovector, nothing can be
said about the parity of the neutral meson field.

The author wishes to express his appreciation to
Professor R. E. Marshak for having suggested this
problem and for his guidance throughout the course of
the work. He also wishes to thank Dr. A. S. Wightman
for a number of helpful conversations and Professor W.
Panofsky for having communicated his new results on
the absorption in hydrogen and deuterium.

Note added in proof:—Owing to failure to correct for the n—p
mass difference, all energies in Fig. 1 are too high by 1.3 Mev.
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Energy Levels of B¢
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The neutron spectrum at 0° and at 80° from the Be®(d,n) B reaction has been investigated by means of
nuclear emulsions. Energy levels of B at 0.77, 1.79, 2.22, 3.59, 4.79, 5.12, 5.91, 6.11, 6.57, and 6.81 Mev
have been observed as have possible levels at 5.58, 5.68, and 6.38 Mev. There is evidence for multiplicities
at 5.12 and, possibly, at 6.11 Mev. No neutron groups were observed which would correspond to levels at
1.4 and 2.85 Mev. This result is in disagreement with the picture of equally spaced levels in BY. An attempt
is made to explain the results that led to this picture.

I. INTRODUCTION

N the past few years, much attention has been
devoted to the energy levels of B*. The low-lying
levels with excitation energies (E;) of less than 6 Mev
have been investigated by means of the reactions
Be?(d,n) B! and Li’(a,#) B, while the high energy levels
(E,>6.5 Mev) have been studied by bombarding Be®
with protons. Studies of the neutron spectrum by ob-
servation of proton recoils in Wilson cloud chambers!:?
or in nuclear emulsions®* have indicated the presence
of levels at approximately 0.7, 2.2, 3.5, and 5.1 Mev
above the ground state of B!%. Haxel and Stuhlinger®
have detected neutrons from the Li’(a,n)B!® reaction
by means of a boron counter. This work indicated
levels at approximately 0.8, 1.3, and 2.1 Mev. Bonner
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et al.,5 using the method of neutron thresholds to study
the neutrons from the Be?(d,n)B! reaction, have inves-
tigated the range from 5 to 6 Mev. They have located
levels” at 5.098, 5.156, and 5.920 Mev. Rasmussen,
Hornyak, Lauritsen, and Chao®® have studied the
gamma-rays from the same reaction by means of a
magnetic lens spectrometer. They have attributed to
B1%™* gamma-rays of energies 413.5, 716.6, 1022, 1433,
2151, 2871, 3604, 3970, 4470, and 5200 kev, and have
assigned corresponding levels to all but the 3970 and
the 4470-kev gamma-rays which they assumed to be
due to cascade transitions. Rasmussen et al.819 state
that the levels corresponding to the 716.6, 1433, 2151,
2871, and 3604-kev gamma-rays appear to constitute
an equally spaced set of levels leading to the picture of
a harmonic oscillator.
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