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A Phenomenological TreaLixient of Photomeson Production from Deuterons
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A phenomenological treatment of charged and neutral photomeson production from deuterons is presented
which is independent of the details of the meson theory. It is shown that an experimental comparison of the
deuteron and proton cross sections can be used to determine the nucleon spin Qip probability.

I. INTRODUCTION reduce the available phase space considerably. It will
be shown in this paper that the exclusion principle
effect may be expressed in terms of the spin change prob-
ability without reference to meson theory. The con-
clusion reached therefore, is that the ratio of deuteron
to proton cross sections can be used as a direct and
quantitative measure of the nucleon spin Qip probability.

Neutral photomeson production from deuterons will
also be considered. Both neutron and proton can act
as source in this case, so there will be interference effects.
These will be of the same order of magnitude as the
exclusion principle effect in the charged meson produc-
tion but of a sign which depends on the detailed meson
theory.

'HE available experimental information about
m.-mesons produced by p-rays incident on free

protons' is not at present satisfactorily interpretable
theoretically, even though this is one of the simplest
meson reactions. The difhculty lies in current meson
theory which is incapable of making quantitative pre-
dictions so long as the meson-nucleon coupling is not
weak. For photomeson reactions in light complex nu-
clei, nevertheless, ' it is possible to make a phenomeno-
logical analysis based on the impulse approximation.
This paper presents such a treatment for the special
case of the deuteron. The method is expected to be
applicable no matter what theory of mesons and their
coupling to nucleons 6nally turns out to be correct.

The production of mesons by photons on deuterium
as contrasted to that from free protons is of interest
because of the information it gives about the dependence
of the reaction on the charge and spin of nucleons. The
charge dependence is manifested in the positive-nega-
tive ratio, since only the neutron can serve as a source
of negative mesons and only the proton for positives.
The spin dependence, on the other hand, shows up in
the relative number of positive mesons emitted from a
proton bound in a deuteron compared to the number
emitted when the proton is free. Feshbach and Lax'4
have pointed out that unless the proton spin changes
in the emission process, the deuteron cross section for
positive photomeson production will be diminished rela-
tive to the free proton cross section. This is because in
the former case there are two neutrons left in a triplet
spin state, and due to the Pauli principle they can have
only odd orbital angular momentum. For p-ray energies
presently available from synchrotrons and betatrons,
the relative energy of the two neutrons is likely to be
of the order of 15 Mev, or even less when the meson is
emitted forward. The exclusion of S states therefore can

II. GENERAL CONSIDERATIONS FOR CHARGED
MESON PRODUCTION

The fundamental assumption of the impulse ap-
proximation' is that the meson production "ampli-
tudes" from the various nucleons (in this case two) are
linearly superposable to form the production amplitude
for the whole nucleus. This is an assumption analogous
to the use of Born approximation in the scattering of
x-rays by many electron systems or the Fermi approxi-
mation in the scattering of slow neutrons by crystals.
Sufhcient conditions for validity' are: (1) Small individ-
ual amplitudes in comparison to the distance between
sources. (2) Long mean free paths for both incoming
and outgoing particles in comparison to the over-all di-
mensions of the system. (3)A "collision time" short com-
pared to the period of the nuclear system. These condi-
tions are well satis6ed for our case. The smallness of the
6ne structure constant guarantees the small amplitudes
and long photon mean free path. The condition on the
outgoing meson mean free path can, in the case of the
deuteron, be restated as a requirement that the meson-
nucleon scattering cross section be small compared to the
cross-sectional area of the deuteron. The latter is 10 '4

cm', whereas the meson-nucleon cross section' is only
10 "cm'. The collision time seems certain to be suf-

6ciently small, since the average extent to which energy

*Research carried out at Brookhaven National Laboratory
under the auspices of the ABC.' J. Steinberger and A. S. Bishop, Phys. Rev. 78, 494 (1950};
Bishop, Steinberger, and Cook, Phys. Rev. 80, 291 (1950);
Steinberger, Panofsky, and Steller, Phys. Rev. 78, 802 (1950).

2 G. F. Chew and G. C. Kick (to be published).' H. Feshbach and M. Lax, Phys. Rev. 76, 134 {1949).' M. Lax and H. Feshbach, Phys. Rev. 81, 189 {1951).
'Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82,

958 {1951}.
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conservation is violated in the intermediate states must
be of the order of the meson rest energy.

An additional possibility arises, when we consider
nucleons bound in a nucleus, which could still invali-
date the use of the superposition approximation. Strong
nuclear forces may actually modify the character of the
individual scattering centers. In other words, the charge-
current distribution of meson-nucleon field which we
call a free proton may become polarized when that
"proton" is inside a complex nucleus, leading to "ex-
change" currents which have an electromagnetic in-
teraction absent for free nucleons. This possibility is
ignored in the present paper on the qualitative grounds
that the deuteron is so weakly bound that the meson
"clouds" surrounding the individual neutron and proton
overlap only slightly. The question is receiving further
study.

It wiB be sufhcient to restrict consideration to nucleon
recoil velocities which are small compared to the
velocity of light, since for larger recoils the deuteron
will behave simply as a pair of free nucleons. The out-
going meson, however, must be treated relativistically.
Using units in which h =c= l, and the meson rest mass
is also unity, the incident photon energy will be denoted
by vo, and its momentum by v, the emitted meson energy
and momentum by po and p. We assume the deuteron
to be initially at rest with binding energy —e; and
represent the total momentum of the recoiling nucleon
system by D and the internal (relative) energy by ey.

The initial energy of the system as a whole is then
so+2M'+e;, and the fLnal energy is «10+2M+D'/4M
+er. The neutron-proton mass difference will be ig-
nored. Thus the cross section for meson emission into
the momentum interval dp, while the nucleus recoils
into the interval dD and the internal state f, may be
expressed in the form

~ f,)= (2n) «e(1)e(2)'xo Nf, .(p) exp(iD R),

~ fo) = (2s') «r«(1)e(2)'x yN, (p) ,exp(iD R)

(4a)

(4b)

R= ', (r~+r2)-is the center-of-mass coordinate. We now
introduce (2), (4a) or (4b) into Qy. The integration
over I leads to a momentum conservation requirement
that only final states with 0= v —p be allowed, and the
matrix elements for the symmetric and antisymmetric
cases become respectively (with the momentum delta-
function factored out)

where

Qr, .=2-«('x. lK ( — ) I'x )&~,

Qf, ,=2 «( x ~
K (o'q+e2)+2K~'x )Or,

(5a)

(5b)

Eg Ng, ,*(p) exp(iko——y)««;(.p)dp, (6a)

though we are treating the meson spin as if it were zero,
most of the important results do not actually depend
on this point. )

~
Qq~' must be summed over the 6nal and averaged

over the initial spin and isotopic spin states. The
initial deuteron is a spin triplet and an isotopic spin
singlet

Ii) =2-«Lp(1)~(2) —p(2)~(1)ZX.(2~)-«N, (p), (3)

where y= r~—r2 is the relative coordinate and 'x is
the triplet spin function, m being the s component of
the total spin. The small amount of spin-orbit coupling
in the deuteron is being neglected.

The final state consists of two neutrons, an isotopic
triplet, with asymptotic relative momentum kf, so that
er ——kP/M. The Pauli principle requires separate con-
sideration of the two final states: one that is symmetric
and one that is antisymmetric in space.

where Qr is the appropriate element of the scattering
matrix, and ~=~f—e;. According to our fundamental
assumption, the scattering matrix is to be approxi-
mated by

T T$+ T2)

where T; is the part of the scattering matrix which
describes the photoproduction of, let us say, a positive
meson by the jth nucleon acting alone. (The positive
and negative meson production problems are obviously
symmetrical. ) The dependence of T; on the nucleon
position r;, spin e;, and isotopic spin ~;, may be made
explicit by writing

r;= (e;.K+I) expLi(v —p). r,];+. (2)

This form is required by momentum conservation and
the properties of the Pauli spin operator. If K and I.
are allowed to depend on the momenta of photon,
meson, and nucleon, as well as on the polarization of
the photon, then the form is completely general. (Even

Of ——
Nf, .*(p) exp(ikp p)««;(p)d p, (6b)

) ~r, .'(«, )~r, .(«, )~«, = b(kr —kx')+ ~(kr+4')

+f.o (0)+f' o(e)de f'(k/ ~f ) ~(k/+kf )

One may already see from (5) that only K is effective
in changing the spin state of the deuteron. It is also
clear from (6) that Or approaches zero at threshold

(kf ——0) and also whenever the nuclear recoil is zero
(k0=0). Under either of these circumstances, then, the
spin Bjtp term will dominate.

Z I,=-,'D.
Since the final states N~ are either even or odd, it is

conventional to extend any integrations which may be
done only over half of kf space, providing the normaliza-
tion of the final states is taken to be:
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In obtaining (S), the assumption has been made that
K and L depend only on v and p and not at all on the
nucleon momenta. For charged meson production,
where the nucleon currents are relatively unimportant,
this is certainly justi6ed, and even for neutral produc-
tion, it is not unreasonable. This is because the anal
momentum of the struck particle is usually not far
from the value D= v —y, which it would assume if the
proton were free and at rest. One can understand K and
L to be evaluated for zero initial nucleon momentum
and a 6nal nucleon momentum equal to v —p and need
neglect only the relatively small Quctuations about
these values.

The expressions (Sa) and (Sb) are to be squared,
summed over 6nal nuclear spins and averaged over
initial nuclear spins and photon polarizations. This
yields

(I Q~I'&"= l & I
K'I &A. i

~xi'
+ L4/3&IKil &„+2II2I 3&IO, I'&,„(7)

with conservation of momentum understood. To go
further we must decide what distribution function we
should like to have. One may ask for the total number
of mesons at a given angle, as a function of angle, or
perhaps also the spectrum of mesons at each angle.
For certain experiments one might even be interested
in the distribution of nucleon recoils. The most natural
theoretical distribution parameter turns out to be the
square of the nuclear recoil, that is, O'. Ke shall 6rst
discuss the distribution in this quantity and then show
that it has a rather close connection to the meson
angular distribution.

III. THE DISTRIBUTION OF NUCLEAR RECOILS

If the momentum conservation condition is used to
eliminate the meson momentum as a degree of freedom
in (1), the distribution of nuclear recoils is obtained:

d.~/dD=(2 )-'&IQfl'&"~("+ +D'/4M ") (g)-
where

po
——((v —D)'+ 1)&= (vo'+ D' 2voD cosHD+ 1)&. —

The energy delta-function may next be used to elimi-
nate Hg, the angle between v and D, leaving as free
variables the magnitude of D and the azimuth of 9
with respect to v. The cross section obviously does not
depend on this angle for an unpolarized beam of
photons, so we end up with the distribution in D' for a
given final nuclear state f,

did/dD'= (2ir) '(I Qj I
'&Ay(vO tD/4M)/2vo '(9).

The limits on D' are determined by the equation,

(vo —e—D'/4M)'= (vo —D)'+ 1 (10)

which may be solved to give the maximum value of
k~' for a given value of D,

k„'=ML o
—(( —D)'+1)&j—( '+ko'),

a'= —Me;. (11)

In Fig. 1, a plot is made of k ' as a function of D' for
several values of vo.

From a general point of view, the problem is now
solved. Using the ground-state deuteron wave function
and the continuum wave functions of the di-neutron,
the overlap integrals Ef and Op may be evaluated. The
matrix elements K and L are to be given by the meson
theory. From a practical point of view, however, it is
important to make further approximations, both to
avoid excessive lator and to circumvent the present
lack of a reliable meson theory.

A study of the matrix elements Qf reveals that for a
recoil, D=2ko, the important 6nal nuclear states are
restricted to a range of energies whose half-width is of
the order 3uk~/M, while from (11), it is seen that ko

cannot be greater than vo. The average energy transfer,
e, corresponding to a recoil, D, is approximately D'/4M.
(This last point can be understood qualitatively by
going to the limit o.=0, so that the proton behaves as if
completely free, absorbing the entire recoil. ) Now in

xiii

Fro. 1. A diagram of k 2, the upper limit of kf, as a function of
v0 and D~. The shaded region includes the most important con-
tributions.

(9), the only dependence on f, except for the matrix
element Qf, occurs in the term, e. If the variation in e

is only 3(n/M) vo for a given value of D, the variation
may be neglected, since u/M=1/20. Inserting (7) and
replacing by its approximate average, D'/4M, one may
rewrite (9) as

d~q/dD'= (2')—'t 2(-,
I
Efl'+-'I Ofl')(I K'I)

+2}Ofl'(IXI'&A„}(vo— D'2/M) /2v. o(12)
The matrix elements K and L depend on the Gnal

nuclear state through their dependence on the meson
momentum p= v —D (which depends on the angle 8o
and thus on e~). We shall assume, however, that the
variation is small over the range of directions of D
which can occur with appreciable probability for a
given magnitude D. This assumption is more dificult
to justify quantitatively than the preceding one and
will be better for some meson theories than for others.
It leaves only Ey and Of as functions of the Qnal nuclear
state f, and formula (12) should now be compared
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servation condition (11) (see Fig. 1), then one is in a
position to employ closure theorems. This overestimates
the cross section, but if the energetic upper limit on ey

is suKciently greater than the "average" final nuclear
energy, 8'/43/I, the contribution from the forbidden
states will not be important. The n —n interaction helps
keep the spread in energies t.f on the low side of the
above value.

The closure theorems which we need may be stated
in the following form,

FIG. 2. The exclusion principle function F(D)
according to formula (A3).

with the corresponding formula for a free proton,

do,/dD'= (2n)
—'f (i K'i )~+ (i L, i')A, I (vo —8' /2M) /2vo

= do rr/dD'+ do r/dD' (13)

The "spin fhp" and the non-"spin Qip" terms have
been separated. In this notation, formula (12) becomes

doq/dD'=2(-', ~Eg)'+ ')Og)')d~-rr/dD'

+2
1
Or I'd«/dD', (»')

and we see that if the individual spin Hip and non-
spin Rip cross sections are known for the free proton,
as a function of the proton recoil D, then by the calcu-
lation of the overlap integrals Ef and Of one may ob-
tain the deuteron cross section, without any reference
to meson theory. Conversely, an experimental knowl-
edge of both deuteron and proton cross sections allow
a direct determination of the separate spin flip and non-
spin Aip terms, since these terms occur with different
weights in the two processes.

The evaluation of Ef and Of, once the deuteron and
di-neutron wave functions are known, is straight-
forward but tedious. In a forthcoming paper, Feshbach,
Goldberger, and Villars' will describe the calculation
and present some results, using the wave functions of
the Hulthen potential. A principal feature which
can be obtained only from such a calculation is the
"resonance" in the cross section due to the "almost
binding" of the singlet di-neutron. This causes Ef to
increase sharply for values of ef less than 1 Mev, the
effect being spectacular for small values of D. Unless
the spin flip term, dorr/dD', is very small, this resonance
will dominate the behavior of the cross section near
threshold.

The existence of the neutron-neutron interaction,
which tends to favor final states with low values of ef,
actually helps make valid a very useful further ap-
proximation. Suppose one wishes to know the total
cross section for a given recoil D, but for all allowable
Qnal states f If the sum is e.xtended to all values of
kf (i.e., eq), even those not allowed by the energy con-

6 Feshbach, Goldberger, and Villars, private communication.

~
"Nr, .*(e)gf,.(e')d4= ~(e—t')+&(e+ e')

)"&i..*(e)&x,.(e')dI r = ~(e y') —&(e+—y~)

Applying these formulas to (12') in summing over all
states f (which means integrating over half of kr space),
we find

d(r/dD2= [1 ~~ F(D)jd—o x/dD2

+[1 F(D)—]drrr, /dD2, (14)
where

F(D) =] exp(iD y)N;2(p)dp.

The result (14) is extremely instructive in showing the
effect of the exclusion principle. The function F(D)
(plotted in Fig. 2, for the Hulthen deuteron function
Lsee Appendix)) is equal to unity when D=O and falls
OG with increasing D at a rate determined by the zero
point motion of the deuteron. It reaches its half-maxi-
mum near D= i. For small D the non-spin fhp term is
thus suppressed, while —, of the spin Rip contribution is
allowed. Experiments designed to measure the nucleon
spin dependence of the photomeson production clearly
must concentrate on small values of D. For large values,
Ii approaches zero and no new information from the
deuteron can be obtained.

For large v() the limits on the allowable range of D
for the deuteron can be shown to electively approach
those for the proton. Thus the obvious requirement
that deuteron and proton total cross sections shall
asymptotically become equal as vo~~ is satisfied by
(14), because the fraction of the total range of D' where
F(D) is signi6cant becomes smaller and smaller as vo

increases. However, that portion of the range where
D~1 will always have a substantially smaller cross
section for the deuteron than for the proton, regardless
of the size of vo.

It is unfortunate that the nuclear recoil D is not
always an easily measurable quantity, since in com-
paring the properties of complex nuclei to those of free
nucleons in high energy reactions, it is by far the most
significant single parameter. In charged meson produc-
tion experiments, the most easily measured quantities
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happen to be the energy and angle of the emitted meson.
Before considering the theoretical distribution in these
variables from a systematic standpoint, it should be
pointed out that the total number of mesons emitted
at a 6xed laboratory angle is closely, although not ex-
actly, related to the number of nuclear recoils of a given
magnitude. Thus the results of this section may be
applied roughly to the meson angular distribution.

The general connection between the meson angle, 8„,
the nuclear recoil, D, and the nuclear excitation energy,
~, is as follows:

vo'+ (vo —o D'/4M—)' 1—D—'
cos8p =

2vot (vo —o—D'/4M)' —13'
(16)

Except very close to threshold, we may argue, as we did
for (9), that formula (1/) is well approximated by
replacing o by D'/4M. One may therefore use the ap-
proximate relation,

vo'+ (vo —D'/2M)' —1—D'
cos8~

2vo[(vo —D'/2 M)' —1]»

separating the spin ftip and non-spin Rip terms as be-
fore, then the corresponding deuteron cross section in
the closure approximation is

do/do„= [1 ,'F(D) jdox/d—Q-„

+t1 F(D)jdor, /do„—, (19)

to connect a nuclear recoil D with a meson angle 8„.
Since this connection is the same as for a free proton,
it follows that a formula of the type (14) applies
roughly for the meson angular distribution as well as
for the distribution of recoils. In other words, if we
write the cross section for meson production into the
solid angle d0„, from a free proton at rest, as

dov/dQ„= 'drrx/d0„+doz/d0„, '

Ia= JI dire~ E/~ b(go+ o+ (v p)'/—4M vo),—

I.= tdk/i Oy i '8(/oo+ o+ (v —p)'/4M —vo).

(20)

The integrals I, and I, can be carried out for the Hul-
then wave functions, ' but the results are so cumbersome
that they have been evaluated at only a few selected
points. In a paper by Feshbach and I ax a tractable
result is obtained by neglecting the Anal state inter-
action between the two neutron. As explained above,
this cannot properly represent the upper end of the
meson spectrum, where ef is small and the neutrons
interact strongly. For large ~f the approximation is
presumably adequate. For reasons of economy we
shall here go no further in the discussion of this ap-
proach to the meson energy distribution but refer the
reader to the work of Feshbach and Lax, who have
studied it thoroughly.

V. NEUTRAL MESON PRODUCTION

The phenomenological. treatment of neutral meson
production is similar to that for charged meson produc-

IV. THE ENERGY AND ANGULAR DISTRIBUTION OF
CHARGED MESONS

If one eliminates from (1) the nucleon recoil D and
fixes the final state fby 'energy conservation, then the
distribution of 6nal meson momenta p is obtained.
After the same approximations which led to (9), one
6nds

where D is connected to 0„ through (17).
The relationship (1/) is plotted in Fig. 3 for several

values of s 0. It is seen that, in general, small angles of
meson emission correspond to small values of the nu-
clear recoil and therefore to a large exclusion principle
eGect. It follows that experiments to determine the
nucleon spin dependence must be done at small angles
of meson emission.

Nearly aB the approximations made in evaluating
formula (9) can be systematically improved by a
method due to Placzek. ' This consists of an expansion
in powers of o D'/4M, of which the zero—'th order 'terms
are the results given here by our closure approximation.
This approach also yields the total cross section in a
simple form. A subsequent paper wi11. discuss the
"Placzek corrections" to the closure approximation.

' G. Placzek, private communication.

I t t 1
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Fro. 3. The relationship between the recoil, D, of a free nucleon
and the angle of meson emission, 8„(in the laboratory system),
for various values of vo. Except quite close to threshold, this rela-
tionship is also approximately true for deuteron recoils.

' H. Feshbach and M. Lax (to be published).



G. F. CHE%' AND H. W. LEWIS

Qf=(f1 T-+T
I )

T„=(e. K„+L.) exp[i(v —p) r„],
T„=(e„K„+J.,) exp[i(v —p) r„].

(22)

The notation permits the matrix elements for meson
production on free neutron targets to diRer from those
with free proton targets. The final relative energy ~f

of the neutron proton pair takes the value kf'/M, if

the two particles recede with relative momentum k~,

and the value +e;, if the final state is the unmodified
deuteron bound state.

For neutra1. meson production, the distribution of
nuclear recoils may actually be experimentally ob-
servable. In any case one can arrive at a formula,
analogous to (12):

«i, /dD'=&2&) 'b&l&r'l&A. +&l&rl'&A

+ o(l &y'l)A. }(vo D'/2M)—/2vo, (23)
where

A&
——(u~'(y), [K„exp(iko p)+ K„exp(—iko y)]u;(p))

J3f—(uf'(p), [L„pe(x—ik yo)+Lv exp( —iko. y)]u, (p))

Cf = (uf'(p), [K„exp(iko y)
—Kv exp( iko y—)]u, (p)).

(24)

Hy expressing the deuteron wave functions N;, Nf',

and N~' in momentum space, a dependence of K„„,and
J.„„onthe nucleon momenta can in principle be taken
into account in evaluating (24). In order to obtain a
tractable result, however, we shall continue to neglect
this dependence.

Formula (23) has already been summed over 6nal
spins, but there is one special case in which the spin of
the final nuclear system can be observed, that is, when

the deuteron remains bound. . This case may be very
interesting from an experimental point of view, so a
formula is now given separately for it:
dooo/dD'=(27r) 'I —(Idol ),

+(lfiol'&. }( o
—D'/4M)/2 o, (23)

&14ol'&"= (&I K-I'&"+&I K.I'&"

+2 Re(K.* Kv),„)F'(ko)

& Iso I')"= (& I
L- I'&"+& I L.I'&"

+2 Re&J- L &A)F'(ko) (26)

Interference effects in (25) obviously may be strong,
and the result cannot be completely expressed in terms
of the free proton and free neutron cross sections since
it depends on the relative phases of K„ to K~ and J„to

tion. All arguments used for the charged meson case
apply equally well here, with the possible exception of
the assumption that the matrix elements do not vary
in an important way with the nucleon momenta. The
cross section in the laboratory system takes the form,

dog/d0, AD=�(2or) 'I Qgl'8(po+o+D'/4M vo),—(21)

L~. Notice that again the important parameter is
ko=D/2. The "elastic" meson production falls off
rapidly as the nuclear recoil becomes large.

As before, we may use closure to obtain the total
cross section, "elastic" plus "inelastic" for a given recoil
D. The formula analogous to (14) is

d0'p 1
=—}&IK-'I &"+&IK-'I &"+&I~-I')"+&I~vl'&"

dD' 2m.

+2F(D) Re[-', (K„* K,&A„+&J. *I.v&A,]}
vo D'/2M—

x —, (»)
2vp

which is seen to be the free proton cross section plus
the free neutron cross section plus interference terms,
whose importance depends on the size of D.

Interpretation of neutral meson production from
deuterons is complicated by the interference terms, but
there is the advantage that for the "elastic" part, which
under certain conditions will not be at all negligible,
the calculation of the nuclear overlap integrals can be
carried out without approximation. Experimentalists
are recommended to concentrate on this part of the
investigation.

VI. CONCLUSIONS

The photoproduction of mesons in deuterium has
been discussed phenomenologically on the basis of the
following assumptions. (1) The production "matrix"
is the sum of the free neutron and proton production
matrices, evaluated between initial and final nuclear
states. (2) The matrix elements, except for the momen-
tum conservation factor, do not vary appreciably from
their value in free nucleon photoproduction. It has
been shown that the result for charged mesons is then
expressible in terms of the free nucleon spin Rip and
non-spin Qip meson production cross sections and cer-
tain overlap integrals which have nothing to do with
meson theory. These integrals can be evaluated if the
deuteron bound state wave function and the di-neutron
continuum wave functions are given. Neutral meson
production from deuterium involves the same integrals
but also interference terms, the size of which do depend
on meson theory.

Exact evaluation of the nuclear overlap integrals is
in general tedious, but an approximation has been
described which should be adequate to give the meson
angular distribution except near threshold. Near
threshold the final state nuclear interaction dominates
the behavior of the cross section. In one special case,
the "elastic" production of neutrals, the inhuence of
the interaction is easily calculable. In other cases, when
the Gnal state is in the continuum, the formulas are
complicated, but have been evaluated in a few cases
by another group of workers.
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In general, two-body e6ects are important when the
nuclear recoil is of the same order or smaller than the
momenta occurring in the zero point motion of the
deuteron. This means that if information on the nucleon
spin dependence of the matrix elements is to be derived
from a comparison of deuteron and proton cross sections,
the measurement must be carried out at small angles of
meson emission and not too high an incident photon
energy.
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APPENDIX

The Hulthen Wave Function for the Ground State
of the Deuteron

(A1)

The Integral E(k)
From (15) and (Ai), one easily finds

1 2cx
Ii(k) Je=xp(ik y)u (p)dp=

1—npj, k

tan ' —+tan ' ——2 tan ' (A3)

A convenient representation of the deuteron ground state is
given by the Hulthen function,

~(e ~—e-»}
&'4}=

where p~ is the triplet neutron-proton effective range (1.74)&10 "
cm}, connected to the parameter, P, by the relation p&=4/(e+P}—1/P. The corresponding momentum space wave function is

(A2)
(P' —~')

W(1—~p, ) (H+k2)(P'+k~)
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Several samples containing U"' were examined for measurement of the specific activity and the alpha-
particle energy. The samples contained U'", U'~, U~', and U ', the isotopic composition being known from
mass spectrometer data. The samples were "weighed" through fission counting comparison with standards
containing known amounts of pure U'~. The alpha-activity due to U" was determined by ionization
chamber energy analysis. The same instrument was used for the energy determination.

The half-life of U '6 was found to be 2.46X10' years and the alpha-particle energy 4.499 Mev.

ORE at I.os Alamos' in 1943 showed that some
of the neutrons absorbed by U"' led to capture

rather than to 6ssion, with the presumable formation
of the isotope U"'. It was later observed in highly
irradiated U"' both mass-spectrographically' and with
the alpha-energy pulse analyzer. ' From the alpha-
activity detected with the latter instrument, from the
U"~ capture cross section, and from the estimated
net, tron flux, the half-life was calculated to be approxi-
mately 2X 107 years. The measured alpha-particle
energy was 4.5 Mev.

U"' has been prepared recently in a more concen-
trated form by extensive neutron-irradiation of U~'
followed by electromagnetic separation. Several of

' Unpublished Los Alamos work.
~ D. Williams and P. Yuster, Los Alamos Report LAMS-195

(T945) (unpublished).
g Ghiorso, Brittain, Manning, and Seaborg, Phys. Rev. 82,

558 (1951}.

TABLE I. Composition of U"' samples (mole percent).

Sample
no. U2$4 U285 U238

0.3 59.0&0.20 22.15&0.25
0.4 54.5&0.24 22.0&0.30
0.65&0.02 58.58+0.19 37.62&0.18

18.55W0.25
23.1&0.30
3.17&0.03

'We are indebted for these samples to Dr. R. S. Livingston
of the Electromagnetic Research Laboratory, Carbide and Carbon
Chemicals Division, Oak Ridge, Tennessee.

these samples have been made available, 4 which has
made it possible for us to mak. e more accurate measure-
ments of both the half-life and alpha-particle energy
of U236

The determination of the U'-"
specific activity in-

volved the measurement of the weight of U"' in each
sample and the alpha-particle disintegration rate due


