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The first observation of the process n+p—D+ 2y has recently been
reported 1). The salient features of the experimental results are the fol-
lowing. Below thermal neutron energy, the branching ratio to the well-
known process n+p—D+y is 10_3. The energy distribution for the coinci-
dent photons has a minimum for equipartition, contrary to the phase space
distribution which peaks for equipartition. It is our purpose in this note
to show that the experimental results are grossly anomalous within conven-
tional descriptions of this simplest nuclear system, and this mainly on
dimensional grounds. A confirmation of the experimental result could hence
have a major impact on the understanding of nuclei and even elementary par-

ticles.

It should be noted that the present observetion is not in cbvious dis-

agreement with other experimental results, since little information exists

2),3)

on 2 decays: two known cases of nuclear isomeric decays in compe-
Y

4) .

ok . - ‘ + + s
tition with M4 transitions, one case oL a nuclear O — 0 +transition

as well as the photon decays of t%e metastable 25 st§tes of electronic
5 6

hydrogen- and helium-like atomsg and muonic helium - To our knowledge
there exists no observation in nuclear physics of the 2y transition between

states of spin J; and J,, for which J, +J7.£0, |7 -J.[<4. Even with

f’
a fairly high branching ratio, such decays would only give rise %o a diffuse

gamma background which would interfere Iittle with most experiments.

For the further discussion we note that the initial np states in
thermal neutron capture are 180 and 381 in an inccherent statistical
mixture., PFrom the deutercn binding energy, B= 2.23 MeV, the photons have
reduced wave lengths x & 200 fm, much larger than the effective ranges of
the interaction, Tog™ 2.7 fm and Yot = 17 fm, and even larger than the
huge np scattering lengths, a = =23.7 fm and at=‘5.4 fm. Apart from
the region of interazction at short distance, the wave functions are given

to a coensiderable precision by

_ sin (kr+8,)
liso;k>- x, kr..g_

m (kr +8,)
I 3551 ? t‘ :> = ;t:t S ,(:: !L.
”’r

. ,D> = X, ;:r e; ’ w = VB

The DI siate admixtures are omitted since they affect our conclusicns but

1ittle. The phase shifts are given with good precision by the effective

kctd = - r,k*

range formula
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In the limit rot==0 one has Kat= 1, which guarantees spatial ortho-
gonality of |38,k:> and D= . We will later discuss corrections to

orthogonality.

In the following we note that no accidental cancellations occur in
general. On the contrary, all cverlap functions are large unless explicit
stotements are made to the contrary. This is a central point, since the
large overlaps make it most difficult to increase any matrix elements sub-

stantially above our estimates.

7)

The single photon emission in n+p—D++ is well understood as a
very strong M1 transition TSO-*D. The cross-section i1s in the scattering

length approximation

s
o = 4T %(/L,-ﬁ..)‘(,fc,) _(x"- a,)‘ = 297 mb

7)

pared to the observed cross-section for this transition has been widely

A more accurate evaluation gives o=3%02%f4 mb. A 10% discrepancy com-

discussed in the literature. It 1is generally accepted as due to nuclear
interaction currents and is guantitatively well reproduced by the calcula-

8)_

the 180 capture, and occasionally the suggestion has been made that it
38
’

tions There is no direect measurement which associates this effect with

might be due to an anomalous capture from the state 9), which is

nermally very weak.

The wavelength of the photons in the n+p—D+ 2y reaction is much
larger than the deuteron radius. One is therefore naturally led to make a
multipole expansion of the electromagnetic potential. The dominant multi-
pole combinations of the emitted photons will be E1-E1 and M1-M1. Ve

consider the two cases separately.

a) E1-E1 case

Since the electric dipole operator is spin-independent, if small retar-
dation effects are negiected, the transition proceeds only from the 381

state. The cross-section is

do 3 1 2 4
dw, da,dn, v I , 1o

where ., w, are the energiss of the photons (m15u;

F

o) w1'Fw2::B) emitted

into sclid angles dﬂj, d92 with polarization vectors 21, ?2 and v is

the velocity of the incoming neutron. The actual neutron velocity in the
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will use Vo= 2200 m/s, corresponding to thermal neutrons.

experiment wag about 400 m/s. In the numerical estimates below, we

3

Normally, the process goes in twc steps via an intermediate P state

of the np system. The matrix element for this process is

MP(€1,E1) =

1 ; 2 oiis 1 R 1eR .2 138D ¢ (1os
- - [k (Dletg k> 5 (R1eFH 1S ) + (1002)

skt B (L LY (5q)
12 x”’m_m 'W'gf t

where plane waves have been used for the intermsdiate states. After summa-
tion over photon polarizations and integraition over one direction, the

cross-section becomes

L 2
do . ot Ba‘w,wz(
dw,dn, 3Ty, x°

1 1 L 2
V) )

and the total cross-section
2 - 1c (B e L o1..107"
T = £(20+7-324nd)a < (o) @& = 1210 " mb

Similar results have been obiained by Grechukhin 10) by the same reasoning,
but we differ by a factor 16x%=8 in the total cross-section.

The branching ratic o /Jo is 4. 10'?, a factor of 3000 smaller

v
than the measured wvalue 1, The calculated energy spectrum is a slightly
modified phase space distribution of type I, whercas the observed spectrum

is of type II with 2 minimum a3 w1:=w2==B/2 (see Pig. 1).

The dimensional structure of the cross-section can be derived from the

expression

o = area x (time x rate) x {time x rate) .

A neutron that hits within an area « ai accelerates the proton; the time

which the neutron spends within a distance a from the proton is = at/v

.
¥

t n
the rate of E7 photon emission is = awBai/cz; the time available for the
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second photon emission is « 1/w. Putting this together gives

5 v/
2 ¢ [fwae 2 (B) 4
o wtd () el = v (M) %

in agreement with the detailed calculations.

In addition to the two-step emission, there may be a contribution from
the contact gauge term (e /2M)A(r ). A(r ) in the interaction Hamlltonlan,
which creaztes the twe photons in one p01nt. The matrlx element for this

process is

M7 (EnEr) = e (8:8) <DI's,>

Normally, this is zero because of the orthogonality between the deuvuteron and

the 38 scattering wave functioms. Howsver, one may concelve of a depart-

ure fro; crthogonality because of the presence of mesons and isobars in g
more complete desorlptlon of the wave function. The depleticn of the Two -
'nucleon part of the wave function occurs only inside the range of . the force.
Therefore, a very conservative upper limit tc the overlasp of the two-nucleon

parts of the wave functions is obtained by integrating from Tt tc infinity

[<DI%s,>} « Vama
M e
o

Hence, the gauge term cannot increase the matrix elemens by a large factor.

3r,
.._23'. =
x 1Qt 0' ¥

it should alsc be noted that the energy spectrum is of phase space type I,

proporiional to in disagreement with experiment.

AL
Adler 1) has eonsiaered effects of a much larger departure fTrom ortho-
gonality. If it is assumed that most of tﬁe 10% discrepancy in the singly
radiative np capture cross-section is due to an anomalous capture from the
357 9), this determines the non-orthogonality to be of sbout the same
size as the radial overlap between the deuteron and the 1SO scattering wave

state
functions,

{D[3?5,)> = Iu,-u.s dr = (gwse (- a,)
o

This is 30 times larger than our estimated upper limit and gives a total
cross-section of 20 b, still short of the experiment by a factor cof 20, and

with a wrong energy spectrum.
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The currents asscociated with meson exchanges and isobar excitations
can contribute to the itwo-photon amplitude. The one-picn-exchange contri-

bution to the E1-E1 matrix element is

OPE

':e;;" E’J, ‘-e"'f-é:]' 'St>

,W(—(e 2) D] L re” s>

2 roe— 2 - (pex)a,
18?!'"»/ (e' &) gq /o7« |

This gives a 3% correction to the leading E1-E1 matrix element. The
energy spectrum is sgain of itype I. EHeavier meson exchanges should give
even smaller effects. '

b) M1 - M1 case

The magnetic dipole transitions can proceed from both the 3S and the
1S scattering states. Consider first the triplet case. The matrix ele-

ment for the transition 38-915—*D via an intermediate 18 state is
t
(m1,m1) =

&) k>

1
= __(J.‘lr--)‘ ?=‘Iu),wz Id’k <Dl23 (/‘P
CRIEE () T (Rx ) 25,5 + (1202)

W, + En

The integrals are evaluated in the scattering length approximation. Afterx
averaging over the initial spin, summation over the final spin, summation
over photon polarizations and integration over one direction, the cross-

section becomes



| dﬂ' - “z ([‘p'/un)v B?(JC—'- Qs )‘
dw, da.,, Yer v, MY4

« o0, { F(2) « £1{2) + 12250 gron) (o))

with 1 - &_
Feo 1-&xa,/x

The energy spectrum is of type II with & maximum at w1=:0.15 MeV and =

peak-to-valley ratio of 2.5. This spectral form is similar to the observed
1

cene. It Is caused by the presence of a nearly bound state in the G
channel,
1
i Qo7 MeV « B

The total cross-section is, however, only

. 9/ .
o = Qos ot‘-:—_; (/4,-/‘,.)"(% za: = 09107 mb

short of the measured value by almost seven orders of magnitude. It is

smaller than the E1-E1 cross-section by a factor of the order of

2] = w07

because of the intrinsically slower rate of M1 photon emission.

For a process starting from the singlet scattering state, the first
M1 transition takes the np system to s 3S state. The second M1
operator can only rotate the sngular momentum vector, and the intermediate
state must therefore be the deuteron. The matrix element for this

1S-’D—ﬁD reorientation transition is

$ 1 i *"*ai i
M (M1,M1) = "m <D';"}e‘1(/‘p+/‘n)'%_"'(kg“%),b>

1 » > _ - .
'-B<D %(ﬂ," *)%ﬁ'(kﬁe,”'%) + (1&-.,2)
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and the cross-section

X
cw,w, (w,-w,) (3 - cos*8)

do ot (ped-pn)" (17~ a,)
dw,da,, 169 v, MY

% -7
¢ = m ot S (i) () (eha) = 02-107mb

The energy spectrum is of type III with a zero at w,=w, = 1.17 MeV. The

total cross-section is even smaller than in the preceding case.

Since the physical process no-*2y exists, one may wonder whether a
virtual o° may contribute significantly. A virtual n°  con be emitted
when the np system makes a transition from the T=1 18 state to the
T=0 deuteron. The small phase space and the centrifugal barrier reduces
the cross-section for n°  emission followed by 2y decay to only ‘IO“Jl‘i

of the experimentally observed value, which is negligible.

At this point one must clearly envisage either a wrong experiment or
an unconventional interpretation. FProm experimental colleagues we under-
stand that the experiment 1) contains no menifest weaknesses. However,
there is no compelling proof that the normal one-gamma decay cannot produce
the observed signal. In particular, there is the possibility that a double

Compton process in, or near, the farget region could simulate the effect.

If the experimental results are confirmed one must consider unconven-
tional explanations. Without entering into detailed speculatiohs, we now
show that two general classes of such interpretations can be heavily re-

stricted.

1) A previously unknown non-derivative short-range coupling to twe pho--
tons. This explanation is ruled out since the energy disiribution of the
photohs is of phase space type I, contrary to observation. This conclusion is
independent of the strength of the interactiom. In particular, the Adler

guggestion 71 , which originally motivated the experiment, is untenable.

2) 4 light boson decaying into two photons. A way to aveid the phase
space distribution is by assuming the emission of a boson with mass
m<B=2.25 MeV, subsequently decaying into two photons. An isotropic decay
of such a boson in its rest frame gives rise to the usuasl Doppler-shifted
energy distribution (Fig. 1). This is still at variance with the observed
energy distribution. Therefore, spin C ©bosons are strictly ruled cut.

If the photons are emitted preferentially along the directlon of motion of

the boson, the resulting spectrum will be of type II.



One notes that a 1° boson with isospin 1 content would naturally
couple sirongly between the s state and the deuteron with a similar
; matrix element as %he strong M7 gaﬂma-ray. A 10_3 branching ratio
would only require a coupling of ‘1()_3 oy Wwhich could easily have gone
undetected. Spin 1 Dbosons are, however, ruled out because they cannot
decay into twc physical photons. Higher spins would reguire strong coup-
lings because they involve either emission in  £#£0 partial waves or the
3S—*D transition with its low intrinsic overlep. Such bosons would then
ve copicusly produced in other nuclear decays, which is not observed.
Before confirmaticn of the experiment, we feel that further speculation is
idle.
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Fig. 1 Fhoton energy spectra in n+p—7D+ 2y
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