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THE CAPTURE OF m-MESONS IN DEUTERIWM
K, Brueckner, R, Serber and K, Watson

Radiation Leboratory, Department of Physics
- University of California, Berkeley, California

September 18, 1950

Abstract

Panofsky, Asmodt and'Had;ey find that the capture of n-mesons in deuterium
leads to two neutron emission in 70 percent of the cases, and to two neutrons
and a Yeray in the other 30 fercent.‘ The former process is forbidden for cap-
turg;of'scalar mesons from the K shell, A detailed balancing argument, based
on the observed cross section for 2p —>D + n*, permits calculation of the non-
radiative capture rate from ﬁrbits of higher angular momentun, .It is shéwn that
this is too small to account for the observation, and the possibility that the
meson is a scalar is thus ruled out, This conslusion could only be avoided by
' pqstulating the existence of en interaction between meson and nucleons suffi-
ciently large to radically alter the magnitude of‘tﬁe p wave functions near
- the nucleons, For éseudoscalar mesons, non;radiative capture from the K sheil
is permitted, and the ratic of radiative to non-radiative transitions cen bgﬁ_
reiated to the ratio of meson photoproduction crcss section to the cross sec-
ticn for 2p —D + n*, The result is obmpatible with the type of meson-nucleon
coupling which might be expected for pseudoscalar mespné; but uncertainties in

the measured quantities are tco large to permit a sharper conclusion,



UCRL-913

-

'THE CAPTURE OF n~MESONS IN DEUTERIUM - -
_ K, Brueckner, R, Serber and K, Watson .

Radlatlon Laboratory, Department of Phy51cs
Unlver81ty of Callfornla, Berkeley, Celifornia

September 18, 1950

‘In UCRL-814 (Revis'ed_) Panofsky, Aemodt snd Hadley report.the finding, that
the capture of.neéative méSons~by‘deuterons occurs in either of two ways, lead-
ing to the emission of two neutrons in 70 percéﬁt of the cases, and to two neu-
trons end a Y-ray in.the other 30 percent, 'Thé first point of interest is that
the two neutron process occurs at all, For if ﬁh@mnf=m§§on sgtisfiéd:avscalérb
weve equation, and if the capture of the w™=took place from the K shell of the
= + D system, this process would be forbiddeﬁ, asterrettii hes pointed out,
The'reason is thet an s state of the n™ « D system wouid‘ﬁgve a total angulaf
mbmehtgm-J ='1, and be an even state, whereas the only state of the two neutron
system with J = 1 is a 3p state, which is odd, Thus, the emission of two neu-
trons in about 70 percent of the eaptures proves either that the meson is not &
scalar, or that the cepture tekes place from a higher Bohr drbit #han the K
shel-l", ean orbit with L # 0

To decide between these two possibilities we must estimate the rate, from
E the:higher meson states, of cepture with tw neutron emission, We shall attempt
%o do this'without.reGOurse to,an‘explicit meson ﬁheofys since we have learned
by experience that meson theory cammot always be relied on even for ordgfs of .
méﬁgnitude° In fact we 'know of no meson theory whlch is not in gross dlsagree-
' ment with at least one of the presently believed experlmental facts, The possi—
bility of estlmatlng*the cepture rate depends‘on the principle of detaile§ g@i— '

ancing, ’Although the cross section for the inverse of %~ 4 D—2n has not been
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measured, it may reasonably be supposed that the remctions 2n—-D + n~ and
2p—f>D 14+ 7t have the seme-cross section; 'The latterireaction has been studied.
by Certwright, Richmen, Wilcox and Whiteheaaaz who obtained e cross section

o (2p—D 4 1%) = 2 x 10728 on?

for 340 Mev protons bom‘barding hydrogen, The
most direct experimental support f’or. the supposition of charge symmetry comes
from Work of Bradner, Bowker and Rankiz:z&,5 who found a ratic of negative to posi=
tive mesons of 15 from carbon bomberded by 260 Mev neutrons, snd the reciprocel
ratio from 'cgrbon bombarded by protons of the seme energy.

" In the 340 Mev 2p —>D 4 n* experiments the kinetic energy available in
the center of mass system is 22 Mev, The principle of detailed balancing will
‘ gﬁre us the fa‘be' of D 4 = —>2n for 22 Mev relative energy of meson end deu=.
teron, and we must extrapolate to iower -energy to meke the desired connection,
The question is thus the dependence of-the transition matrix element on mesqn‘
m@inéntmp‘;_ Sin.ée the wave function, @#(?), of a meson in a p sfate vanishes
at the origin, we cen write; £or small 2,

O @(F) = Bv ogred gl0) : . (1)

Here P 1is the coordinate of the meson relative to the center of mass of the .
deuteron, Thus #(?), and the ma{:rix element, will be ‘proportigr'xalv to the momen-
tum of 'the_.mefson near the deuteron, as long as (1) is adequate, which will be
;"i;;fuewias__loz_;g‘b_‘e;sj__‘ the ‘ip‘ave;length of the meson ifs/lé,rge éompare&»to .the distances,
i‘é A’whic'h contributev't'o the process, The walues of r in question are certainly |
not larger than the radius -of the deuteron (which is. sbout .the. seme as,the wave=-
length'of & 20 Mev meson), but in fact will be considerably smaller because of -
the high relative ensrgy (}ch) which must be transferred to the.nucleons, Such
h1gh energy transferswiil'bccur-only in intimete collisions of the nucleons;

if the transfer tekes place in 2 single collizion of the nucleons the distance



=B
'would be about the wavealength of the neu.‘cr'onas,9 r Nh/(Mp, )1/ ¢ =4x10" -14 m,
S:ane the wavealength of‘ a 20 Mev meson is a.bout five times larger, the pro-:
portionality orf the natrix element to meson momentum would be expected to holo, .
“over the energy raugs ';Ln q-uest.j’.on.‘,‘L ‘ |
" In ed;iition to its dependence on the .rele"ci'ire monxen:i;tnn of ne‘e’on and deufero_n;,
tﬁe .-inetrix"eiexfx'ent‘.w:igil a.iso d'.'e_pend' on the nentro'n momente., Howevef, as the mes,on ‘
energj ohe.ng_ee__ from 20 Mev to zero s the neutron momenta. ohange by only 7 peroenf.,
We shall @henefore_ neglect this dependence, In fact, quite aside f‘rom questions,
of the tme#worth.j.nese of meson theory, one of the edvannagee of using the de-
't_a.il’ed baie.neing ergmnent is that in oal.oula'bing the o'e.p‘bure rete ')one avoids the
question of the xﬁagfnifu‘de‘ of high frequency Fourier components of the deuteron
wave _,-i:"une'bfic’n,, since nearly .the same Fouri-ef; components e'.fe.invo'_'lve_d in fthe pro=
‘duction process, - _ ‘ | |
1"\‘:Lna11y,9 1t should be pointed out that the f’orego:.ng argument assumes the.t
there does not exist .anv'.interecfl:ion between meson and nuoleons. suffl'e_iently
-strong to radically change the form of the p wave -func'fbion near the nuoleonso ‘
Wez'e suoh an - 1nterae'blon presen'b the argument would of. course be 1nva11da.’ced
Let us denote by R(n™ +D HZn) the rate of ce.pture from a bound P sta'be,
and by d('n";"-se' D —> 2n) the'oroes section of this process for an unbound meson,
In the le.tter case let v, and p; be the relative velocity and. momentum of |
meson end deuteron, v- 'and Py those of the two neutronso Accordlng to the argu-
ment following (1), the r'e.tlo of the oapture rete, R(tr * D —>2n), from the .
'bound state to the oapture rate, v o'(n +D-—>2n),. i‘rom a. plane wave of unit
emplitude ‘ghould be the :r‘e.tio- of the sfguare: of the gradient of the bounq;‘_.efta.te

; to the square of the same quantity for the-pl.e,ne wave,

funstion) |

pz/'hz o Thus
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R(s~ +D—2n) = he vy o(n™ + D—>2n) ‘ v g(0) ‘ | /pﬂz. (2)

The principle of detailed balancing gives:

d(‘n’ﬂ &% D—)Zn) = % pn2 o'(2n.:——9D '0"‘ ﬂ‘)/Pﬂ-z (3)
The factor 35- is the product of %, for the statistical weight of the spin states,
and %, ‘to allow for the indistinguishability of the two neutrons, Combining

(2)-and (3) we find
S U 2.s . o 5 .
~ R(r~ 4+ D—>2n) = —gh p,* o(20—>D + ©7) 7 4(0) WPy~ »
where p. is the reduced meson mass, or using the approximate energy relation,
pﬁz/M = p,iez", with M ‘the neutron me.ss, and the assumption of charge symmetry,

RO D"’Zn) =5 B2 Mo o(2p—>D + 1*) |v¢(o) l/vﬂ . (‘4’)

If we put in the velue of . lvﬁ(O) ‘ for = p state of principal quantum_»
number n,, Wwe' f:n.n.d ' '

_R(n™ + D—>2n) = (2/on) k" Me® (n” - 1)o(2p—D + *)/m5 &5 23, (5)
where a is the mesonic Bohr ra.dius,' a = hz/pezo With the measured value of
o(2p—D + ©¥), (5) gives

R(r” « D—2n) =1,0x 101! (n2 - ].r)/'::'t5 sec™l

In Teble ‘I this transition rate is compared with that for the radiative

trensition of the meson from the np state to the 1s state, For n >3 it is

estimated that the transition rate by molecular collisions should predominate

over that for radiation, The table shows that the rate of the two neutron

e e e i -
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Table I
A comparison is given of the transition rates for

@gsogrgbgorption end radietion to the ground state from

~ the lower p state Bohr orbits,

Trensition from the | Transition Rates in Units of 1010 sec™l
State B , o ‘. S
Decay by fast neutrons =~ Radiation to ground
emission ' "~ state
2 . 84 17,2
Sp L ' . ’33 - ._.“ . v ‘ 5'.‘1-

4p‘ ‘ » ,15 ' _252
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process is at least thirhy times too small to account for the observed ratio

of"n +D—72ntou +D—>2n+Y

The' supposition that the meson is & scaxar cen thus be éxcluded unless,
indeed, the al"@ez"'native' of a large meson-nucle'on interaction is the true one,
If“ we imagine such an interaction to be fepreéentable by # “shor‘t range potential
1@119 if is evident that, in order to gréatly chenge the p wé.%re fqnction near the .
s nus-leon the stréngm":h of’- the interaction muéf te nearly great enough to contain
& bound p sta‘be 1nt}B well; that is, nearly great enough to produce an isobaric
..-_.si;a'!;e of the nu@leown, |

If the Temoson is & pseudo scalar par‘t:.cle the angular momen‘bum and parity
slelectlon rules allow nanuradlative capture from the K shell of the " + D
system, The question +hen is vhether the ob&erved ratlo of the radiative ‘end
non=radia:tive processes can be easily undersiood,

If we suppoée that s states alcne, rather thé.n p states, are involved in
the reactions ™ ¢ D—2n and 2p— D + n*, the relation (4) would have the '
V;Zf(O) I?’/pﬂ?" replaced by ‘ #(0)

reason to exclude p states from the production process, and we shall write

factor k2 2, There is , however, no

R(rm v D—s20) = 2 - m@ s(2p —»D & %) | go) |° ’ e

5 py (14 bp 2 /uZe?)

where the tem in the denominator p‘ropo'r‘tional to pﬂg

represents the p state
cqntribution (relative to that of the s stats) to o(2p —D ; n*). Indeed,

it is &grgc‘béri-stieﬁ of pseudoscalar meson theory. that it describes the mesonm-
nucleon interaction as primerily taking plece in the p state, the s state

coupling arising only from "small® relativistic correction terms, The smallness

of these terms is charscterized by the mass ratio p,/i\l[, which is not, in trirbh,
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e very sma.ll pea.r‘ame’c;ero Acc&rding to the theory, {:he .cons‘i;.a#’r: b would be -§f
~ order M/p, o V : |

To obtaln the rate of the w° + D —>2n + ¥ reaction we shall agein
apéeal to the pr"inc;iple. of 'detailed ba_lancing, making use of the information
aveilable on the photoproduction proéess,"f + n-—pp + 11", This ca.n be regardéa
-é.s the inverjise of the rad;lativé capture in deuterium to the éxteﬁf that the
presencé of the additio'nal ne‘utroﬁ does not affect the capture rate_.,' V_We' have
cal.cﬁlafed the .ef’fect- to be expected because éf the exclusion principle and
the’ enstence of n-n forces in the final sta‘be,‘and conclude tha'b the capture

5

rate in deutemwn will be reduced by a factor, f of approxime.tely tWO-th:ers.

In snalogy with (2), we now have
. _ ' ' N L2
R(r= + D—>2n + ¥) = £ v! o(n™ ¢+ p—>n + ) l;&(o) | ,

where o(n™ + p —>n + Y) is the cross section for this reaction for very slow

mesons, of velocity wi, From deteiled ‘bala.ncing,

o(n” #'p-——>n + Y) = Zp.cz o(n + Y—p *n')/pt'rz,

S0

.R(ﬂ”-*D—%Zn+Y) Zip,c d(n-t«‘Y——;p+1T) \ﬁ(o) I“/n.l (1)

In this equatlon, oln + 'Y——>p +* )/p' is to be evalua‘bed just ebove

_ threshold,
The experiments 'of‘jst'einbergér z'a‘n;d.'B:i..sahop6 ‘on photoproduction in hydrogen
o e ' , =29
give an approximate value of the cross section O’(Y & p——,‘n * n*) = 7 x 10 cm?

for a Y=ray of 180-Me§r correspondlng ‘to 23 Mev relat:.ve energy of meson and
neu‘bron in the center of mass systemo' Aecordlng ‘bo an a.rgumen’t of Brueckner

and Goldberger,? ‘the oross: sectlon for ¥ « n——ap + would be expected to be
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larger, for non-relativistic meson energies, iﬁ 'i_:"he‘:’a‘bio 1/(1_ - p,/M')2 = 1,3 ,
' The ex'i'st,en_qé of & negative excess in the "'éﬁotdpx?dduetidn: from carbon has been
-'aeﬁohstm‘téd* éxperimentally by Mcmnam; Peterson and Thite® and Peterson:®
While there is some doubt -as “to how ﬁéiir_the“.:gb.sématixbné 'agfee in deteil with
th'g pvre;_dicft-i}‘dﬁs of Brueckner and Gojldbex;ge'r;‘ there is no doubt that the negative =
tq pAés_.;ivtive ‘,ra“tj’.o is 'at least ‘asg la:gé as ir-xd'ic:atedv above, VWe shall ééc_éfding]y ,‘
" teke ,6(;7‘ 4+ n—>p + n”) - 10-28 cm?, : Since the lowest ensrgy for which experi-
o mént‘e‘ul data i.s'_afra_j.lable is that just quoted for production of 23 M'evvm'eséns,
while (7) fequires the cross section gust above threshold, an ass‘wﬁéﬁén‘ about
s the'énefgy de’pehdenee of the photopfoduetiéﬁ cross section is. necessary, va
- the ma'br'ixelement vfcl)? the';prot_ze-SS is a__"eonStaL_r;‘E (i,e,, if the variation of
the cross section is determined solely by the available': phé.se -Spac'e‘) over. this
energy range*?,__c(n”-} 'Yﬁp # 11_"),p1"1 ‘will be independent of energy,’énd the
23 Mev value may Bé used in (7), While this assumed energy dependence is the
one to be e@ected on the basis of pseudoscalar mgson theory, it shoull‘d be
emphasized ;that it is not based on any direct experimental inform'atibn.z our
present hqowledg}é‘_é'f’f%hé excitation 4func't.iqn for photoproduction of meSc;ﬁs is
 not sufi‘iciently‘ accurate to permit an unembiguous ‘extrapolatién to zero energy.

The ratio of (7) to (6) gives

3f—
202

R(ﬂ" + D——>2n s ‘Y) S W pl‘if of(n_-e-'Y——}p ) ( ' P% ) ’
: , = =i +D (8)
‘R(a* +'D—>2n) M p, o(2p —D + 7*) - pfe &)

Inserting 3/7 for the ratio of the R?S, £ =2/3, p/M= 1/70, 34 - 1‘ , 1/2 for
b.the ratio d‘&f't'he_"o”ks,;wevfi;ndi(‘l'--#‘bpf'/p?ez) S5 . Th:,v.s evaiuatidrixe in view of
‘the wcertainties in the messurements of the verious Qua.nfi"b'ies appearing in (8),
can ﬂardly be trusted ﬁg ‘better ;bh%a.n a. factor two, Hciawé%rer t}xé fesuit is quite

compatible with the notions one has to the proper behavior of a pseudoscalar
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‘ fiéidg Sihég pV/@cfs,i/ét a vaiué'oflb of ‘the or&erJM/b is iﬁdeedfpeimissable-
Qulte a51de from the uncertalntles in the measured quantmties, 1t "should also
. be. p01nted out *h&t the value here found 1s in the nature of an upper 1limit
'forrthe sjstat@'eontrlbution, slnce 1£ the photoprmductlon gross’ sectxon de
_éréaéeslmofe r&bi&ly‘with'déeréasiﬁg:mesoﬁ mdmentum.than we have assumed, the s
‘mmve coupllng will be correspondlngly reduced Carfwfigﬁt,_Richmana Whitehead
4&nd'Wllcox2 and Peterson10 have found that mesons from tﬂé‘ZP-—~§ﬁ + n*;reaction
';have”a markeqiy nqnngniform:aﬁgulér diétributioﬁ in the éenter of mass system,
wﬁiéﬁ;%ﬂgwéﬁquite'definiteiy fhé'exisﬁencé Of coupling to other then s states,
The absolute value of the capture rate given by (7), found by inserting
|gﬂo) I 1/%a” and the prev1ously quoted value of the cross’ sectlon, is
'1R(ﬂ° + D'——>2n * Y) = 2 7 P 1014 sec’l
| The oapuure of e ‘mesons in: elements heavier than deuterlum leads charac-
téristically'tgzstaré,jrétﬁer than high energy'Y=amiSSion5 Panoféky, Aemodt
and Hadley 11 glve és:up§¢r.}imits for‘the fractién of‘high‘energy-Y=emissions
10 percent in helium end O 5:§efcehﬁ ih'c’a{rbon° As.we.have previouslj remarked,
the nonaradlatxve capture in deuterium depends on the probablllty of findlng a
"bhlgh relative momentum of the nucleons in the deuteron, In more tightly bound
systems this probability will be comsiderably iargér, -Cfﬁ@e estimates, based
on.a semi-empirical momentum distfibution for the nuclepné in carbon given by -
Chew and Goldbergerslz indicate fhat an increase in the non-rediative cepture
rate by 5 fastor as large as 30 may be expected,..On the other hand, the rate
of enﬁésiog'of‘ﬁigh énergy Y-rays ﬁiil'be reduced in the'mbfé tightIY'boﬁﬁd
systems relative to deuterium; because of the greater inhibiting effect of the

qxélusibﬁ principle in the final state, The experiments of Peterson and Whiteld
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;'and.Mozley;l4‘cﬁfthefphatoproduction of mesons show that & proton bound in

",_carbon has only onenthlrd as 1arg° a. photoproductlon cross sectlon, at 260 Mev

' photbn energy, as & free proton, Calculatlons by Brunol 1ndlcate that a
similer reductioﬁ by a factor three is to be expected in the radiative capture
rate iﬁ carbén, The Y-ray emigsion raﬁe may thgs_be_expecfed to be reduced,
relative to deu%erium, by a factor two, The combination of these two effects
leads tp the expeétation that.the 30 percént of Y;emissioﬁ found in-déuterium
'ﬁill’be reduced to something of the order of O, 5 percent in heavier elements,
Flnallw it may be mentioned that if it be supposed that the w™ =meson has

spin one (despltn the fact that the 7° certainly has not, since it deoays to
two Yerays), an explanation of the observed ratio of the n~ + D— 2n end

n; +YD3——>én.+rY pfocesées can be based solely on selection ruies; JA vector
meson in the K shell ﬁould have odd parity,sand'J.= 0, 1 or 2, 'If could thus
decay to the 5P0,1,é states of the two neutron system, However,.a pseudo=
vector meson'would give states of even parity; those with J = 0 and 2 could
.decgy to the ISO and LDQ two neutron states, but decay from the J = 1 state
would be forbldden, 'If we suppose the states are occupled in proportlon to
their staﬁistical welghts, & ratio of radiative to‘nonnradlatlve transitions

_of 1/2 is thus to be expected,
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