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ABSTRACT

The g-ray spectrum resulting from the reaction
? +D-32n+ ¥ has been shown to depend strongly on the nature
of,the n—n’interacti9n and has been calculated for several values
of the ﬂ—n sééttering lgngth,_ A comparison of the theoretical cross
section with preliminary experiments by Aamodt9 Panofsky ana Phillips
' indicates: (1) an upper limit of approximatelyizoo'Kev can be put
on the binding energy of theidi~neutron; (2) photo-meson production

involves an interaction with the nucleon spin.
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. ONITHE ¥ -RAY SPECTRUM
RESULTING FROM THE ABSORPTION OF 7/ -MESONS IN DEUTERIUM
" Kenneth M, Watson and Riéhérd‘Ns Stuért' ”

 Radiation Labofétory,.Physics Department
University of California, Berkeley, California

January 17, 1951

_ Io,‘Inﬁroduction
. Experimental studies of the capture of 7/ -mesons in
, d.eut.erium1 indicate that approximately 30% of‘thevcapture gyehts
lead to a high energyv ~ =ray. -This has been_interpreted, fqr
instance, as implying thatithé Zfeﬁéson is not scalar29_3° However,
quite apart from its implications as tofthe-natﬁre,of @hgsl,émeson ,
and as to mesonfnucléon interactions, this experiment,,gs”hagipeeniﬂ
noted previouslyz’ Bs-is_of‘interest in that it offers a means pfh
deducing something of the interaction between two neutrons,
«-This possibility arises through a measﬁrement‘of_the‘

Xferay spéctrum resulting_from the radiative decay and may be
seen qualitatively as fo_l].ows.0 Since the_finalAstate-contains
three pérticles-=a1. Kﬁ-ray and two neutrons--the ‘Z‘eray spectrum
is not monochromatics on_fhe otherhand, if there were only thq .

¥ ~-ray and one particle'(éay a bound di-neutron) in the final
state,\the ¥ -ray spectrﬁm would be fr16nochromhtic° If the:ﬁwo
neutrons in the final state are not actually bound, but interact
through an attractive potential, we can‘expect a tendency for them

to recoil in the same direction with about equal velocities and
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£hus cause the X -ray spectrum to be more nearly monochromatlc
than if there were no n-n (neutron-neutron) f’orce., That is 5 the
effect of an attractlve n-n potentlal should be such as to make
the ¥ ~ray spectrum show a pronounced ‘peak near 1ts hlgh energy
limit. ' _
We can obtain in a simple manner fcheishape of the spectrum

near this peak. Let us dencte the transition matrix for the
radiative capture to a singlet spin state for the two neutrons by
M° ; and suppose that the singlet n-n wave function is '7” °(r).

1)

L]

s
Then M- will have the form (we use as units 4 =
M° = S‘dBr }ﬂ S(r) x [othexfl factors] . ' (1)

Let p be the relative momentum of the two cutgcing neutrons,‘

which is small near the high energy limit of the 'Klmey specfrum°

We may thus neglect all but the S=wave contrlbutlon to the 1ntegral
(1). Furthermore, the absorption process is presumably an event

which involves primarily just the'proton, S0 we shculd‘expect the
integral ih Eq. (1) to show no singular behavior fcr close distancee
of approach of the two nucleons. Then the contributlon to the 1ntegra1
will come from regions of space much larger than that for whlch the

n-n potential is important; and we may replace . L}/ (r) by
?U (r) =z sin (pr+8)/pr ) B
) : : , L -

and Eq. (1) can be put into the form

s .
Vi

o i

[_Il sin§ + I, cosS] o ' (3)

(V:
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From Eq. (2) we see that I,— 0 and I,—constant asj,p‘e7§O;

1
i.e., near the high energy limit of the ¥ =ray spectrum. Near
this limit, we can neglect I, inEq. (3). Squaring M° and taking
into account-the,phase‘space factor, we have for thevsingleﬁ‘state
X‘mgay"spectrum

o . L[otn §)° xoomstem, oW
where p 1is related to the p-ray energy K by energy conservation,
and the phase shift’ § is a funétion of p, depending ori the"
assumed n-n potential. ~The characteristic shape of the spectrum
expected from Eq° (4) is a rapid rise from zero at the high energy
lim‘it‘depend‘ing on the behavior of s:'i.n:‘2 € . Near p =0, l/p is
a rapidly deéreasing function, so we expect-the spectrum to fall:

off rapidly with farther decreasing ?f-ray energy. Thé-finall

triplet state contrlbutlon will be small near the hlgh energy limit,

A correction‘for'the'finite'range’oflﬁhe-ﬁ%ﬁ fOrce~Can: :
be obtained as follows: The exactvcofrection'to'qu‘(z) assuming

M (Eq. (1)) is, of course,
Sy = -p-

We can wriﬁe this as ~ -

&y/ z = slnS £(p, r) o : " (5) '
where f(p,r) = _p (}U - y/s). But f(p,r) is to a very good

8in§
approximation 1ndependent of p ', so we can write f(p,r) > f(r).
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Then the correction to M is-
._s AT . ; S j?;'-w.ff ”"5' g
&M - -sn§ L o, G

p

‘where “Iiv'is very nearly a constant near the high energy limit of"
the spectrumoi The correction (3') is of the same form as Eq. (3)
with‘ I2 = 0 , so the shape of the spectrum, asmgiven by Eq. (4),
is unchanged té a good approximatioﬁ° | | B
With sufficiently good energy resolution in the-
.experimental measurement of the ¥ -ray spectrum, our problem
would be essentially complete., The right hand side of Eq. (4) is.
proportional to PS,n times a constant, where. thn is the low
energy n-n scattering cross section. This single expression for
thg shape. of the - 1’;spectrum pérmits, in principlegla direct
comparison of the- U?kdzhdth the low energy  p-p and. n-p scattering;“
There is evidence from the binding energies of mirror nuclei, for
instance; fgfvﬁeliéving that a;p and q;ap.should-bé‘quite
similar, ekéept for the Coulomb . contribution:to the létteroi wl
Because of the_limitation on present -experimental accuracy.
and energy rééolution in the measurement of the U<ﬂfay speqtrum,
it is necessary to improve Eq. (L), by extending it to 1ow‘er"ﬁenerg‘iesa
This will be done in Section IV° The nature of this correction can' -
be seen in Fig° (l); where ggf as.given by qu (4) and the S=wave

dK

component of the cross section as given by the more nearly complete

theory are compared.
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II.. Numerical Results | |

The theory outlined in the Introduction and further |
developed in Sections IV, :V and VI. permits a -determination:_of.the
1S phase shift, 8 , for low energy n-n scattering from the shape
of the Y ==ray spectrum resultlng from the reactlon 77’5'*' D-—->2n+z{ o -
For thls purpose it is convem.ent to relate § to the famlllar
parameters characteristic of vlow energy nucleon-nucleon scatte'ringr, o

The relationship is
peot§ - -x+ %'rop ) o (8

where ;12 is'the "scattering length" and r, the effective range"
The spectrum is not very sens:.t1ve to the exact ‘value of’ ro, so we

have glven 1t the value obta:l.ned from p-p scatter:.ngé°
E 2.,65(10)_%153 em, S [N ¢/ B

The resultlng “ Ix‘eray spectrum for varlous -assumed' values .
of « was calculated on the bas:Ls of the theory to be developed in o
the follomng sec,tlyvons,‘ _The results are glven in Flg (2) for- ‘ |
several negatlve values of c( (1 o5 for a potentlal that has no
bound.state) Pos:.tlve values of [~ correspond to a potential
that has a bound dlmneutron stateo Thus s 1f « is positlve, we
have the possiblhty of formlng a bound dlmneutrons w1th a correm H
spondlng monochromatlc component in the _“K.wray spectrum,, '."In o
Fig. (3) are given the contmuous spectra correspondlng to several""‘ ‘
positive values of « . In Table I are given the intensitives of.

the corresponding monochromatic spectra corresponding to formation

. .
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of a di-neutron. The actual spectrum for a p031tive value of X

is then the sum’ of ‘the contindous’ specﬂrum, a8 glven 1n~F1g;’(3)’”?f”5”ﬂ

and the monochromatic spectrum, as given in’'Table I,

IIT. Comparison with_ﬁxperiment-

vAamodt, Panofsky and Phillips hsvehreoently iﬁproved eariier ,
measurementsl of the’ };éray_speotrum'resultiné from.‘77_v - |
absorption in deuterium, Io-Figo (4) is given the experimental
result along with some of the theoretical curvess, as gireh iu
Sections IV and V. Although these preliminary data have rather
poor statisticsg it seems clear that positive evidenoe for the
n-n intersotiou is indicated | | . |

An important qualltatlve conclu31oo to be drawn from thls
point is that a tr1plet=singlet spin tran51t10n does 1ndeed occurh;f
and thus that photo-meson production 1nvolves an interaction with
the nucleon spin., If there were no singlet component present in
the spectrum, the resultlng trlplet spectrum would show even worse
agreement with the experlmental results than that shown by the |
plane wave case in Flgo (3). |

The results are also qulte compatlble w1th anieouallty of
the n=n and p-p 31ng1et forces, although present statlstlcal
uncertainties do not permlt a quantltatlve oonolu31on to be drswn “
concerning thls point. An upper llmlt however, of’approx1mately t:

0200 Mev can probably be put on the blndlng enerby of the d1==neutron°

[
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IV@i Formulation of the Problem

The deuﬁeron is_a-fairly looselyvﬁpund»s&stém;”tﬁé“néutrop
and proton spending a qonsiderablé part Qf‘the‘time outside the ‘ 
range of their mutual force. We may thus.expectfhypothetical.non;
linear effects from the overlapping of their mesén fields_to be -
smallé This conclusion is'strengthened‘when wé recall that the 3
absorption Qf a Zf—meson by'a proton is a high'energy'process,A
which should be little affected by the presence of aAWéakl& bound -
neutron, - This suggests;that the absorption ﬁith;radiation'in'
deuterium is essentially the séme‘as the hydrdgenl; and is ﬁédified*
primarily by the momentum distribution of the proton'iﬁ thé deuteron.
and by the.-nenvinteraction° We thus introduce the tfansiﬁion

matrix, defined in the center-of-mass system,

Rs (KIRIQ) (8

for the absorption in hydrogen., Here q is the relétive”momentdm

of the meson and proton in the initial state and'E'iS'thét;of tﬁe c

photon and neutron in the final stéte;‘ Because thé:méson‘is«‘

gbsorbed essentially from rest under the expérimentai‘cénditidns.

for which this has been observed, the transition in hydfogen’dépends

only on o
)

‘R_‘ :'(E!_R.l o.)-‘ . S | , ‘_.'_.‘.(8“) 

However, the complex conjugate of Eqs (8) is the transition matrix -
for photo-meson production, which has Been obser#ed under more

general conditions.
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The absorption in deuterium takes<place“fromlan initial
triplet’ spin:state of the n-p -ﬂsx?'_?»:b%g-aa.r}d-\f«ite{'ivsafv,r.éan;@pgrsfc;&a&;t? koow
the relative admixture of singlet andftriplet~sta£es fqr.the final‘-’“A‘-
n=n system? This depends, of course, on the_symmetr& properties of'
R,(qu (8)). Since, however, for the absorption in deuterium, q is .
npn»vanishing only because of the small effecf of the internal
motion of the proton.in the deuteron' (this is discussed -in more
detail in Section VI) we can investigate the simpler symmetry . . .
properties of Ro‘(Eqb (8')). ‘R can be: assumed linear in the |
electromagnetic field sﬁrengths, S0 itzmust'involve'linearly either:
(or both) the electric field E or the magnetic field-H. The only -
remaining vectors available in Ro'are E and (Z; s the proton spin.
If we make the most likely assump£ion2 that the meson is pseudo-
scalar, R must change sign under coordinate reflection, and we

have the unique form for r®:
R osgcE B @

This determiﬁes thebfelativeiadmixture of singlet and triplet-
states as 1/3 and 2/3, respectivelyov

: Eq; (9) impiieé that, near threshold at least, photo-
meson prodﬁction takes place through én interaction with the
nucleon spinov Difeci‘evidence for this would pefmit us to drop the
restrictive assumption that the meson is pseudosc;l;r; On‘the'
\:otherhand; if there were no spin interaction; there.would be no-
final singlet stéte-(since'the initiél state is triplet), aﬁd.ﬁhus :

no evidence for the n-n interaction would be foundo. Happily, we
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- have available the,experimentsl‘reSults of;Aamoot,sPanofsky and Phillips
(sée Section III), which seem clearly to indicate a 1S admixture
in the final st;teland thus a spin interactiono' If there are not
two different competingvmechaniSms for photo-meson'pfodnotion near.
threshold, we can reasonably expect R?.to have the simple form,
R’ = _qf °éR'(K) ‘s where A is.some vector.. This is all that
ne need to determine the anve mixture of singlet and triplet
.states;. |

Ea; (8)'is eesily gene;elizedfto‘the cdordinate‘sfstem S
in which the neson;oeuteron'sjstem is'at rést, sinee7the trans-‘Aa
formatlon is nonurelatlvistlc and thus R can change by a phase ,n1
factor only° V | | ~

The tran51tlon matrlx for the absorptlon in deuterlum L
is then: | | | |

oo 1 (FEEGEL ¢, r wp) U ao
for a final singlet state. Changing "s" to:"t“jdefines it for a
final trlplet stateo Here (w 1s the Coulomb wave functlon for
the meson in the lowest Bohr orbit and ¢ is the deuteron wave
function° The factors e+ Px o and ei Kf£ represent the plane
wave motlon of the centereofamass of the two neutrons and the.'
propagatlon of the photon, respectlvelyo ‘Beoause the Coulomb wave
functlonxls very nearly constant over the radius of the deuteron, |

we can remove O from.the 1ntegrals in qu (10) and con31der it .

to be a multiplicative factor, a% , evaluated at the position of'"'
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the deutercn. Then a straightforward manipulationeofvKo.(8),1eads;__
9. | |

£07 M he e e T e S e R
=3/2 -\ 3 1%’1?’.
-/—60(21//) dg\Sdr SU(r)e -
iger
(K=_A g|R| -4 g)e "¢(g)
- WA - Wk =
_ ‘>(11)5

where ¢(g) is the momentum representatlon of ¢ and R is given

by Eq,‘(é),_ /Lcls the meson mass and M is the nucleon mass,

The dependence of R on g is weakened because of the

factor iﬁ; 5

limited by the weak blndlng of the deuteron, whereas R supposedly.

which is about 1/8 . The values of g are also

varies only for changes of 1ts varlables of the order of/x; the

’characterlstlc energy for meson productlon° We thus set g = O iﬁ‘

R and remove 1t from the 1ntegral in Eq. (11) (a more quantitative

estlmate'of the error hereby incurred is made in Sectlon VI).
We'then”Obtein for M° (see Eq..(9))

o

= 77 W R'(X) 543:_ .(/)*s(‘r). o2 gt gr)
o o - (12)
where ﬁe now use the polarlzatlon vector e of the photon, rather
‘than~E as in Eqa (9), absorblng numerlcal factor in R“(K) ¢(r)
is the coordlnate representatlon of ¢ We replace the superscrlpt
s! by "t" to deflne the tran31t10n matrlx for flnal trlplet states

of the_nan system°
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If we neglect the n-n interaction for all but the S state

(this will be justified in Section V'I’)', we have the fdllowing wave
10 '
functions @

e L _
g = X g0 F 2 /(30'2 I o.1) ) ¢2(r):l
t ° r2 ‘ t ’ _
by . L [SEE L =iz°£] w
,‘)V(r)m_]?_[e‘ .e_v ;(t

‘1 pr  =iper o
[e ~——t+e —- -2 sinpr/pr'f'(z%;])[

(1]
o

f' B(r‘)

L (13)
where % is the S-wave part of sl/sv s with due account taken for
the n-n interaction. 7(: and ;( are triplet and single‘ﬁ sp:‘i.nf..
wave functions, respectively, ¢o and ¢ are t.he radial parts‘ |
_of the S- and D-»wave components; respectlvely, of the deuteron
wave function. ’We shall neglect t.he contrlbut,lon of ¢ to all but
the integral 1nvolv1ng the S-wave part of '}IJ for whlch 1ts |
effects will be the 1argest. R , L T

‘We introduce th_‘e follqwing giefinitik?ns,, R

' =i per iper | ~izE
t £ 2L
I S‘d?r [ e e ] e g (r)

i ' Sy i . K Co
3 =1 p.Ir - i per . a1 Ber
5"‘ T [e e -=2'sin.pr/prle 27 g ()

o

NHN

-
T

g, (r)

- 4
W N

[ 1]
N., : N‘.<
[} [o PR

: AW AL}

'1. L

E* "o 5*
P P
H L2 ]
- N
— o
=
o]

ot

r )-'2' 5/2 Kr ) Fo(r)
‘ | _(‘lh)” .
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Then S P
LM @ R'(K){(ng“ “ekf )[11+ 12] Lrie s
g a[End ]
| . : o
and . o | .
u® :%_R“(K) (?fr:; gv"’é‘ ,}': ) o (16)

The volume in phase space per unit photon energy accessible to the

partlcles in the final state is.
W o= a2l el ¥ oade an
- K p , : N
where the d.). are elements of solid'angle° Défining‘ S

EL
o .
f=i

o
bog

d.n- |I + Iﬁ _' B   ,(.18}) _

we have for the transition rates per unit photon,energyf

at o2 2(2'11’)3@’2'! Ii:‘-"‘('k)lz'KzM xa""c%'t
dK 3 :
s, 1
dr_ :EZ(ZW)WIR(K)'KMp -ﬁ121}

(19)
~where in the latter expression we have-képt ohly'the lérgést‘term

involving I,-=the D-state part of the deuteron wave f’unctlon°

3

There is also the p0351b111ty that there exists a- bound di-

1
neutron S state. Denotlng this wave functlon by 9” ;(
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'obtaln the transition matrix to form a bound di-neutron by
Ao
replacing 2 50  in 12 (Eq. (14)) by (27)“) Yo to give
_ o - T ST
a new in@egral, say Izaﬁ The resulting speetrqmzls monoehromatic,v

and its intensity is givenvte a;suffipientvapproximation byq

. 3 t;(?.ﬂ’).2 gz'wi |2 )] '|'I'2 \2 | (20)

V.. Evaluation of the integrals
For the S-wave part of the deuteron wave function, that is

. '
B.(r) ., we use the ChewaGoldbergerg expression

ﬁ.¢g(r) "H'[‘ | npr] - o @y

r
where eg,;uv(MeD). and /3 79( é,eD‘ is the deutefpn binding
energ_&r° As the recoil neutron energies_in_which we are interested .
are small, the integrals involving v¢,(r). do .not debend critically
on its form at close distances. Indeed, most of the contrlbutlon

comes from values outside the range of the n»p potentlal where the

Ar
term & is rigérous. The correction arising from the term
r , :
-e"F is small and thought to be fairly reliable. (The value of °

r ,
11
£ 1is determined by the low energy n-p triplet scattering o)

The D-state part of the deuteron wave function, @, ,
occurs in our approximation only'in .I3° Because of the'smalihess
of YJS/ near the orlgln, contributions to 13 from dlstances
within the nuclear potential are quite negllglble, and we can use
the asymptotic form for ¢2 , the functional form of which is, of

course, independent of the exact‘nature of the tensor force. The
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12
ratio ¢%/% in the asymptotlc range is only approx1mate1y knowh™ o,

but seems sufflclently rellable for our purposes, 'since. the D=state $w7755-
correctlon is small anyway° Evaluatlon of 13 in thedv1cln1ty“9f;fi4

- the high energy limit bf:théf' x;;éﬁécﬁrﬁm'indicateSVthat7the term.

1z I2 '13 in Eq. (19) amourits to about(a thfee percent correction

to GSo The actual importance of this correction is coﬁsiderably

iess, however,‘since aééording_to the arguments givén in the Introduction,
the functional form of 12 I is approximately the same as that of

Gshv Thus the correction amounts primarily to about a three percent
decrease in the magnitude of.thé‘traﬁsitioh rate rather than a change -
'in the shape of the spectrum, In any case it iS'negligible as far as
present requirementsvas ﬁo accuracy are coﬁcerned° It should be noted
that the smallnéss of thié-correction‘is due more to the'émallness',«..»

of the overlap of J and ¢2 than to the actual smallness of ¢2i;’yf

I5/2 > the actusl smalles
U31ng the form (21) for ¢ ;.tﬁe evaluation of I -and, I,
(Eq. (lh)) 1s stralghtforward° -

For the‘e§éluation“if 'Iéglwe'pfoceéd as outlined in the
Introduction;.--Sét | | |

. 1y

I, = 12-3—.12 s

where

=i 2o

. 12 ":. 25 d31¥ -sin(pr+ 5‘ )/pr e ? = ¢‘o(r),

Iy ¢
=1 ;or

I z'fvdBr,[(’Uo(r) = sin (pr+§ ‘)/PI“] e °-

4
38

¢0(r)

‘. (22),,
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Agein the"eialuation of :12 is'eleMentary;‘iFor--Iz “the method
described ‘in the Introduction can be carried out in a fairly reliable
menner, but for the?additional cofrection of thejorder'of'Zah.percent
we have used the exact wave functions for a square well, Whose deépth
and range were chosen to give the assumed phase shift, 5 o

The bound di-neutron wave function has the form

"91. = B e | - . o . .(23)

outside the rangée of the n-n force, Corrections can be obtained as
describéd 'in connection with Eq. (22). - § = ’(MEB)Z, where Eg

is the assumed binding energj of the di=-neutron.

V;Q ”Estimatesvas to the Validity of the'Theonyv
) We now inquire further into the Justlflcatlon for
removing R from under the integral in qu (ll) and 1nto the
expected behavior of R (k) in Eq. (12), In partlcular, both the  '
absorptlon in hydrogen and photo«meson productlon depend upon R .
only on the energy shell, whereas in Eq. (11) we need more general
values-—although, indeed; these are not far from the energy shell |
as . argued above. In partlcular, the threshold for photo=meson
produetlon in the center-of~mass system (and the energy of the‘
X’aray for the absorption 1n hydrogen) is at a K‘=ray energy of
about 131 Mev° The peak of the K‘=ray spectrum for the absorptlon
in deuterlum, on the otherhand ~occurs at about 132 Mevo. Thus 1n the
v1e1n1ty of +he peak of the spectrum, whlch 1s the reglon of most
lnterest to us, the ,vx”aray energy lles very close to 1ts valuev‘

defined by the energy shell for photo=meson productlono
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- In the hope of obtaining further information‘about the

matrix..:R;. we have analyzed the. excltatlon functlon of. Stelnbergen.gﬁg'

and;BishoplB‘for'photqnmeson productlon, Transformlpg this to;the
centermof-massfsystem and removing the phase spaceffactors.we have .
essentially . o . ‘ _ _
[z |®lzlal @
(see Eq; (8)) on the energy shell, The experiments measure this
down only to within 20 Mev of threshold and are not very accurate
in this region. ,Nevertheless, they were-consistent ‘with a-constant:"’

[1 near threshold., This did not agree very well with thesfj as .
deduced from: pseudoscalar meson theory9 since this has a factor
1/K gﬁf in R (K) of qu (12)) Agaln, a /ﬁ , as deduced on the
basis of an 1nteract10n w1th the nucleon magnetlc moments, behaves
as q2 near threshold and is in v1olent dlsagreement w1th the
experlmental resultso | | | - | H

In view of these con51derat10ns, we have taken R (K)

as a constant in qu (18) for the numerlcal results glven in
Sectlon II A correctlon for any other assumed functlonal
dependence on K can be ea31ly obtalned merely by multlplylng each.
point on the spectra glven by the corresponding value of i R (K)i
The errors 1ncurred are in any case small near the 1nterest1ng part
of the spectrum, and are very unllkely to.be of much 1mportance9
since there are few 1§=qeys emltted at muchilower energleso Thls j
uncertalnty does, however,‘make it de51rable to employ as sharp an “‘

energy resolutlon as poss1b1e in measurlng the spectrums S0 that the,
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low energy tail of the spectrum does not enter into the determination .

of the'nén'foroe; Horélcompléﬁe’meashrehénFSuof the excitation
functioh for phdto-meSon prodﬁction may also be of help in resolving'
this dlfflCUltyg which at present constltutes, perhaps,, the greatest -
uncertainty in the theoretical analysis.

| We have'méntioned that’the absorption in hydrogen does
prove that (K)| R | q) (qu (8)) approaches a constant limit as.
q approaches zero, In order to remove R from the 1ntegral in
Eq. (11), we must also assume that R  does ﬁot'have a ‘singular
behavior near q = 0. Aside from the rather inconc¢lusive evidence-.
from the excitation function for photo-meson,prodhctibngthe’arguments-
that this is not the case are twofold: (1) There is‘a rather: weak -
argument from pseudoscalar meson theofy, which fits quite:well~the‘?i
angular distributioﬂ for photo-meson productionlh; that (gl,al~g)‘
varies smooﬁﬁly with q aa“q ‘appfoaches zero.’ (2)'“Théafeiativa?'
amounts of observed absorptlon with and w1thout radla,tlon1 as’
analyzed2 on the ba31s of detalled balanclng arguments from photo=
meson production and meson production_in_nucieonmnucleon collisions

are quite consistent with a smooth, slow variation of (K| R| q) to

its value at threShold 'on the otherhand, even a~linéar:dependence of

(K |“R | q) on q near threshold would decrease the rate of

radiative absorption to about one percent of its prev1ously calculated
‘valueg, and make it dlfflcult to account for the observed ratioc,

The meson.rest=mass,v/Q'9 is the natural-parameten to
descripe the structure of R. vThat is K-~ 1 and 3 ‘would seem

e Z=

to be the proper dimensionless parameters to describe its functional

-
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behavior: This wes, 1ndeed, seemlngly borne “out from the analy31s'
of the.ekperlmental ex01tatioq functlon° /7(qu (2&)) was roughLy‘l”f??
constant for "c1<)1L4‘.and”showed a'marked change in slope (decrea31ngu
rapidly) for q 2/4; . On this basis, we can fiow estimate'ﬁhe’error‘
incurred by removing R from the integral in Eq: (11). >Fof-purpeses

of the argument, we define a "modified deuteron wave function" as

6'(e) = R( £ oz © % e

where R. is the matrix element of Eq. (11).  Since we haveﬂargued tha£
.R is approximasely constant for small é , ‘we can-expect the coordinate
'represehtation of ¢g to differ from that of '¢A»only.in the vicinity
of the.originon This is fortunate, as we havé seen that our resultsf'
do not debend much on the form of the deuteron wave function near the
origin, Using the Chew¥Goldberger wave fuﬁctibﬁ,.we canawrite?

Eqn (25) as. -

(@ = Ry 9 ot S (=5
- “+ g (,82-1— g) |

As we have noted that the functlonal dependence of R on q is_

apparently such that it becomes 1mportant when. ﬁ4§z : zﬁl)a, ‘s;We”ft

can define the follow1ng parameters to descrlbe the values of g forl,

Wthh the three factors in Eq,. (25 ) become 1mportant°.“

f

(M,ﬁ) ': 1080 Mev
7 /o v,

45,5 Mev
318 Mev
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We have stated that the factor (/8 + g ) gives only a small 7
correctlon to the results, 80 1t follows that.any correctlon due to
the varlatlon Qf R W1§h g is likely to be mnchvlesso‘ Indeed,

ehis uncertaiﬁtylmey verj well be of the'seme,orﬁer.as fhe ﬁncertainty
in the deuteron wave -functioeo | N ‘

As to uncertainty in the deutefon wevevfunction,,ﬁe note
that the factor _(_/92.;- gz)'l in Eq, (25'), or ;%"’gr in Eq. _(21),
gives.aucorrection of less than 10 percent‘to tﬁe leading term in
Egs. (14). .Since‘this correction is probably fairlj reiiable; ip_
would seem that ihe error resulting frem the uncertainﬁy ih the
deuteron wave function is, indeed,.quite small. -

~ The p=wave phase shifts for ﬁhe_final ewn.stete have been
verified to be negligibly small over the energy»fenge for whieh : |
there are-en aepreciable number . of ‘KAmraYSn ‘Thus.the'use of
plane waves for Ylt“ in BEq. (13) is well Justlfled

' To summarize our arguments, we note that the gross'featuresl
of the spectrum seem to be well determined 1ndependently of the
uncertainties in the ealeculations, The general shape of the tall of -
the Spectrum at lower energies is determined by the deuteron wave
function. According to the arguments given in the.Introductioﬂ,
the shape of the,spectfum near the high energy 1imit-is given Quiﬁell;
accurately by Eq. (4).- AtAlower energies we must rely for the
detailed shape of the spectra on the arguments for removing R in
Eq. (11) from under the integral sign, But here thebexact
identification of "R’ with the matrix element for photo-meson

1 T ' ' A
production is not necessary 50 We need. only the argument that R .
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approaches a, constant value smoothly as q approaches zero, If R

is only to a fair approximation related to the matrlx element for '

photo-meson production, we can stlll expect the detalled balanC1ng R

2 .
arguments quoted above to applyo In any case, it would be hlghly
desirable to have a better determlnation of the exc1tat10n functlon“

near threehold for photo-meson productlon°

VII., Conclusion: 7 “ .

' It ‘appears that ‘the X -ray .spectrum.resulting ?réﬁrt?é |
 absorption of*1rﬁsmesons in deuterium.offers considereble promisgi.
for a quantitative determination of the perameters‘charaeteristic.of‘-
low energy n-n scattering. A better eXperlmental determlnatlon of-
the excitation function for photo=meson production near threshold
“should make 1t possible to resolve the greatest of the present |
uncertainties in the theory. In any case, theeceleulated spectrum
would seem to be quite accurate near its high energy limit (and.is
probably qulte accurate over the entire energy range for whlch an
appreciable number of ¥ -rays are emitted).

The authors. ‘are indebted to Professor R Serber and to o
Dr. K. A. Brueckner, with whom the initial phases of the present :
work were done in connection with the COnslderatlone reported in
referehce’(Z);"To Dr. L. Aamodt ; Professor Wi,KV:HbVPaﬁofsky and, o
Mr. Robert Phillips‘we'are-indebted for encouragemen£ coneerning
the fea31b111ty of ‘measuring the ¥ -ray spectrum. and for permlssion
to quote the experimental results in advance of thelr publlcata.on°

The work described in this report was performed under

~ the auspices of the-Atomic Energy'Cpmmission; >
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Neutron Binding Energy Eg in Mev, Intensity of Monochromatic
| | Spike in Units of Fig. IIL.

o o
05 . a6
25 100.6

The monochromatic spikes are separated from the continuum

by approximately the binding énergy;:



UCRL~1086

-=26- I

. o Lo 1/ - .
Fig. I. A comparison of. the approximate' “f -ray eross section o

1 [sin 812 and the corrected S-wave contrlbution to the cross.

section for 3 :: -8 Mevo;

Fig. IT. A plot' of the o -ray cross section for several ﬂegative

values of & .,

Fig. III. The ¥ -ray cross.section fpr\veriou‘swpositive' values '
of ot (p051t1ve blndlng energy) The total cross sectlons 1nclud1ng
the contrlbutlon of the monochrom:i‘tlc splke have been normallzed to

a constant

Fig. IV. A comparison of several "folded" theoretical b’—ray cross
sectn.ons for dlfferent n-n binding energies with the prellmlnary

experlmental data of Aamodt , Panofsky and Phllllps. .
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