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ABSTRAQT

Qur previous prediction Uéy
iz sharpened by model-independent considerations to
o5 = (0.1176 *+ 0.0003) b,  The contributions from

tensor forces, inner region, retardation, P state

= 0-12 u,b

interactions, MT-;M1 transitions and exchange currents

3

are all demonstrated to be of order 1:10 or smaller.

(To appear in Phyéics Letters)
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. ) About a year ago the doubly radiative process n+p — D+ 2vy
for thermal neutrons was reported observéed ! "with a cross-section of 350 ubs
i.e.y a branching ratlo of 10 -3 to the s1ngly radiative process n+p — D+ v,
Subsequent relnvestlgatlons by 8 Chalk River group 2-.and a Jiilich group
instead gave upper limits of o < 33 pb and o <‘21 uwby respectively.

an improved upper limit of P < 8 pbe In

Earle has recently reported
addition, he indicates that further subStantial improvément is possible,
even to the region of the theoretically expected value 5) UZy ~ 0.12 ;b
The original experiment has been quantltatlvely cr1t1c1zed as due 1o 'cross
talk” between. the detectors from p051tron annlhllatlun in flight associated

with the 51ng1e‘phqton provess )’?)

_ The initiazl experimental anomaly R provoked a series of thecret-
ical investiéationh:5)’8)—11), which demonsirated on the one hahé that the”
discrepancy with expectations was over three orders.?fEmagnitude, and on the
other hand that there was no plausible mechanism towéxplain the anomaly.
Since the purpose was to establish magnitudes, minor ‘differences exist
between the various estimates. In view of the greatly improved experiments
and future prospects we felt it juétified to establish a more accurate pre=-
diction as well as its sen31t1v1ty to perturblng effects. We will below
derive a generallzatlon of our previous result 5); expected t6 be accurate
to & level of a few 700, independent of details of both the deuteron struc-
ture and the 1ntermed1ate state 1nteract10ns 1n the two step Process.

_ - The dominsnt transition is the E1-®1 transition from the 381
npﬂ state at threshold. The matrlx element for thls process ig '
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For s local interaction with smooth currents the gauge ferm is

] e
(1w, M = e, {DImp2

and vanishes in this limif (retardation is.neglected).
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The triplet wave functions contain 3 wave and D wave parts

y x u(") + [Y W(r)

The asymptotic (r—w@ ) deuteron wave functions are

-Kr
w, —p =

> Vae

N’ -xr 3 3\
wb-—-rme (I*-KP*K,’_;)

with # = MB ¥ (4.32 tn)”', and the asymptotic scattering wave functions

Uy — v - Qe
S
e rd

with a, ¥ 5.42 fm, and b = =3 N/ a/n?

The operator is given by the standard relation

evoe mefie = i[H enel

LY

The expression above for the two-photon matrix element can be easily eva-

lusted. It is technically advantagecus to use the operator identity

[H,D-¢] » (1er2) =

2 e * (7""9‘)}* [[H;E'%LQ'&]

L

[HDe]H + W, E

= w'w’.{g.it‘

H+w, ~

(1)

in which the last term vanishes if [[V,D-sz],D-ETJ = 0. Replacing the
initial and final wave functions by their asymptotic S wave form and

using free wave intermediate states immediately gives
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-2(- L) - 30-25)

(2)

2

¢=K(fofal) = N

We will show below that this expression is extremely accurate, since nearly
the entire contribution to the integral comes outside the range of nuclear

forces.

Previous estimates of the cross-secticn have all been obtained
by the same general reasoning. Grechukhin 12) calculated the matrix element
using sgquare well wave functlons giving approximately correct binding, scat-
tering length and range, out with no D waves. He obtained the value

a = 0.096 ,b [we have corrected his result by = factor of 16 coming from

figm inversion of factors for relative and centre-of-mass co~ordinates in
his Eq. (18) and by a factor of 3 coming from ‘the spectral integration from
0 to B instead of O vo B/2 as appropriate for identical particles}.

our original estimate 5) is Bq. {2) above neglecting effective range, I.e.,
wa, =1, =1, but using the cross-section proportional to ai rather than
K_E, since this is the area effectively entering into the initial np
cross-section. This gives 02y = 0.124 yb. Finally, Hyuga and Gari

made a rougher closure estimate, neglecting the intermediate np energies

H—EO as compared %o in the energy denominators, which in the asymp-

®q,2

totic approximation for wave functions gave o = 0,087 b, Hyuga and Gari

passingly state that their result is an upper izmit. This is not so since
the operator is non-positive, the exact conversion factor to the non-closure
approximation with free P states and asymptotic wave functions being
2(20+m =32 4n2) = 1.44, This corresponds then to a cross-section

Toy = 0.125 yb in agreement with our result 50. 411 these results are
roughly consistent with each other within approximations in the evaluation.
We will now discﬁss the sensitivity of the result (2) to various effects.
Qur qonclusion is tha% their contributions are all very small for the simple
reason that the 2v process occurs mainly at an exceptional distance,
typically about 15 fm, with an additional discrimination against the region
inside and close to the deuteron by the propagater for the intermediate P

state.
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1. = Contribution from the internal region

Straightforward integration over the region O <r <r, ~ T,
(the effective range) usieg asymptotic S state wave functions gives 2

contribution of order

-3

{ 5<¢ 10
76 (" 1)

L4

The two additional powers of r, 8as compared to the closure approximation
reflect guenching by the propagator. Since asymptotic wave functions are
considerably larger than actual ones in the inner region, our estimate
should be considered a very generous upper limit, The internal region is

thus of negligible importance.

2. - Retardation (
The effect of the finite wavelength is of order w2< r2 > ; more

- *
exactly -0.6 e/M = -1.5x10 3. It is thus small ).

3. - Contributions from D states

The tensor force gives a D state content to both the initial

and final states ; it is closely related to the deuteron gquadrupole moment

which in dimensionless units is an = 1-4.10'2. The SD c¢ross~terms

s e v S B T = (0 S ey e o ek g e e N P o P e (o e A G e S

*
) In a recently circulated preprint and the preceding paper , Lee and
1

Khanne advocate that the dipole operator should be not =* angali) but
(2T ) (r-e) = A . [ + w"r"]
3¢ 4, (UENF-€) = & etz @1 + O

and that the difference is of importance. However, this is only the
retarded version of the normal operater, and their descripiion is fully
equivalent to -the standard one. They further argue that te(vee) gives
anomalous results for non-local interactions. This, however;“fg based

on = misunderstanding and follows from the fact that they neglect to in-
clude the gauge term in this case. Their value I3, = 6.9.10-2 wb

results from & eruder approximation to asymptotic deuterom wave function
normalization than impliecit in previous work, but it is otherwise consist-
ent with them. .
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average to zero in the total cross-section. The D state to D state
contribution can be directly evaluated with asymptotic wave funetions.

Its contribution is cof order

3

5 () =17

It is interesting to note that in the closure approximation the correspond-
ing term is cut-off dependent and using the effective range 1t is five
times larger. Once more closure overemphasizes the region close to the
origin, while the effective cut-off is JE n_1 = 6 fm. The guadrupole

contributicn is thus model-independent and small.

4, - Interaction in the intermediate P states

Equation (2) was obtained neglecting np interactions in
relative P states. In order to control this approximation we will assume
the P state interaction to be of short range, described by a potential
with the seattering volume 241 the same for the three angular momentum
states. It is then rather simple to analytically evaluate the interaction
effect to linear terms in the scattering velume, using the same wave
functions as previously. The effect is of oxrder

. A ()

1 =
e I @, 1200

14)

Typical values for the scattering volumes é1J are :

a,.=-3.0 me ; @, =1.8 fm3 ; a,,=:=0.3 fm3. The spin averaged value
1C 3 11 12

51= 0.1 fm”, due to very strong cancellations, should be used above..

In this case the P state interaction is of order 10_4 and completely

negligible, In order to be very conservative we average the absolute
a,;r giving 51 M 1 fm°, Even in this case the P wave enters
only on the level 1 :103, and we conclude that this effect is small.

values of




5, - Meson exchange currents

In principle exchange currents could play a non-negligible rble
in processes of this kind. Hyuga and Gari 8) show in their derivation of
the result equivalent to the operator identity (1) that the gauge term

contains exacily the double commutator
- -¢,],D ]
EEH:‘QJ )Q-J

so that such terms cancel exactly, yielding a matrix element proportional
to

| . 20}t _
“’:“’z{<flgfé“"_‘f‘:;"‘_—g“@“i, + (14—»2)'&)}1-;5&'5;(]‘}&)

? /]
(3)

—

This result can be interpreted as the non-diagonal generalization of the
Thomson thecrem 3 it is well known that the Thomson amplitude depends only
on the total charge and pasé, and 1s independent of detailed structure.
BEquation (3) is an important general result for Ef -E! transitions. At
this point we further note that guite genérally the 2y matrix element

is exactly the non-diagonal electric polarizability in the limit when

w1,2 can be neglected compared te nuclear intermediate excitation energies.
The present case of the np system is, however, much closer to the opposite

limit of degenerate intermediate states (closure approximation).

6, - The Mi=-MK1 transitions 5)

Both the singlet and triplet np states can decay by double

M1 transitions at a rate

MC Qg
of the double B1 rate, They add inccherently tc the total cross-section.
Good expressions for these cross-sections were given by us previously 5) :

5 >

ct(MT M1) = 9.10°7 yb  and OS(M1 M1) = 2.107° ,b. These are small and can

be well calculated.
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We are now ready to evaluate Eg. (2) with known precision.
Using the best values for the mnp parameters 15) g = 2.2246 MeV,
w1 = (4.316720.00009) £m, a, = (5.418%0,005) fu, p{-c,-¢) = (1.771£0.007) fx
and WO = ('n-n;;,(--a,—e))"1 = (1.696+£0.,004) substitution into Eg. (2) gives

the totsl cross-section

a7, = (0.1174 2 0.0003) b,

which agrees to 6% with our crude first estimate.

The uncertainty of 2.5 parts in 1O3

reflects the uncertainiy in
the experimental determination of the triplet range paramcter p(-e,-€).
The principal corrections to this cross-seciion as discussed above are

a) the M1 -M! contribution (+1.5 parts in 10°) ; b) the D state con-
tribution {+1 part in 103) and ¢) the P state interaction {1 part in ?03,
but probably smaller), and 4) retardation {(-1.5 parts in 103), while
exchange currents and the inner region give negligikle contributions, All

the important corrections can be calculated to higher precision when required.

Finally, the spectral shape and the angular distribution of the
photons are rather insensitive to detailed assumptions. They are to good

approximation given by the simple expression

do
dw, d(c6,)

i
1 1 3 } 2
ocw,w{ + - 2 (ka,-1 1+cos 0
liefg e 2 (<@ 1) ( )

= combant x w,w, (1+cos'6,)

wiE |

which is a slight improvement on our previous gexpression (natz 1) .

In conclusicn, both the cross-section and the spectrum of the
process n+p — D+ 2y for thermal neutrons are given to very high accuracy
by the asymptotic properties of the wave functions ; they are insensitive

0 non-localities and exchange currents in the interaction.
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