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THE CAPTURE OF n-MESONS IN DEUTERIUM. 

K0 .Brueckner 11 R8 Serber and K. Watson 

Radiation Laboratory8 Department of Physics 
University of California., Berkeley,~~ California 

September 18 8 1950 

.Abstract 

UCRL-913 

Panofsky8 Aamodt and Hadley find that the captu:::·e of rr-mesons in deuterium 

leads to two neutron emission in 70 percent of the cases, and to two neutrons 

and a Y-ray in the other 30 percent. The former process is forbidden for cap-

ture of scalar mesons from the K shell. A detailed balancing argument 11 based 

on the observed cross section for 2p -;D + n+ 8 permits calculation of the non-

radiative capture rate from orbits of higher angular momentum. It is shown that 

this is too small to account for the observation, and the possibility that the 

meson is a scalar is thus ruled outo This conclusion could only be avoided by 

postulating the existence of an interaction between meson and nucleons suffi-

ciently large to radically alter the magnitude of the p wave functions near 

the nucleons. For pseudo scalar mesons 8 non-radiative ca.pture from the K shell 

is permitted 11 and the ratio of radiative to non-radiative transitions can be 

related to the ratio of meson photoproduction cross section to the cross sec-

ticn for 2p ~ D + n+ o The result is compatible with the type of meson-nucleon 

coupling which might be expected for pseudoscalar mesons, but uncertainties in 

the measured quantities are too large to permit a sharper conclusion. 
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. In UCBL~814 (Revised) Panofsky1 Aamodt and H~dl~y report the finding 6 . that 

the capture of negative mesons by- deuterons occurs in either ()f two ways» lead­

ing to the emission of two neutrons in 70 percent of the cases, and to two neu­

trons and a Y-ray in the other 30 percento The first point of :i,nterest is that 

the- two neutron proces·s occurs at allo For if the n= -meson satisfie<;l a scalar 

wave equation1 . and if the capture of the tr--took place from. the K .shell of the 

'· 
'IT"" + D system9 this process would be forbidden 11 as Ferrettil has pointed outo 

The reason is that an s state of the n- + D sy~ em wouid. have a total angular 

momentum ·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 oddo Thus, the emission of two neu~ 

trons in about 70 percent of the captures proves either that the meson is n9t a 

scalar, o:r> that the capture takes place from a higher Bohr cirbi t than the K 

shell, ~ o~bit w~th t :j Oo 

To decid.e between: these two possibilities we must estimate the rate, .from 

the higher meson ste.tes, of capture with tv.o neutron em,i13sion 0 . We shall attempt 

to 'dO' this without recourse to an explicit meson theoey1 since we have learned. 

by eXperience that :meson theory cannot always be relied on even for orders of 

ma:gni tudeo In fact 6 we'know of no meson theory which is not in gross disagree­

ment with at ieast one of the presently believed experimental factso The possi­

bility of estimating. the capture rate depends on the principle of detailed bal­

ancingo· Although the cross section for the inverse of 1105 + D_____,2n has not been 
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measured9 it may reasonably be supposed thai the reactions 2n--7D + tT ... and 

2p~ D t+ tr~ have the same cl-oss s~eition~ ,.·;The latter>,~eaction~~as been studied. 

by Cartwright9 Richman9 Wilcox and Whi tehead11 
2 

who obtained a cross section 

a- (2p~ D + n4P) "" 2 :x: 10~28 cm2 for 340 Mev prntons bombarding hydrogen. The 

most dir~et experimental support for the supposition of' charge symmetry comes 

f'rom'work of' Bradner8 Bowker and Rankin 9 
3 who found a ratio of negative to posi-

tiV'e mesons of 15 from carbon bombarded by 260 Mev neutrons 9 and the reciprocal 

ratio from carbon bombarded by protons of the same energy .. 

In the 340 Mev 2p ~ D + n+ e:x:peri.Inents the kinetic energy available in 

the center of mas.s system is 22 Mev., The principle of detailed balancing will 

give us the rate of D * u~ ~ 2n felt' 22 Mev relative energy of meson and de'!l• 

teron9 and we must'e:x:tra.polate to lower energy to make the desired connection., 

The question is thus· the dependence of·the transition matrix element on meson 

momentum., Since the wave functions pi(it) 11 of a meson in a p state vanishes 

at the· origin.t we can write, for small -:f.~~ 

(1} 

Here r is the coordinate of the meson relative to the center of mass of the 

deuteron., Thus {lf(t) a and the matrix element9 will .be proportional to the momen­

tUm. of the me~aJon nea.r the deuterons as long as (1) is adequate 9 which will be 

tll'ue:as_long_ast:he·-wave-length of the meson is large compared to.the distances. 

r ~ which contribute to the process., The values of r in question are .. ce,rtainly 

not larger than the radius -of the deutelroli (whioh is. about the same as. the wave­

length" of a: 20 Mev meson)# but in fact Will be considerably smaller because of 

the high !"elative energy (!J.o2) which must be trransf'el!'red· to the.nucle.ons . ., Suoh 

high energy t~ansfer~ will oocu'l' only in intimate collisions of the nucleons; 

if the transfer takes place in a single collision of the nucleons the distance 
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would be about the wav:e.;.length of the neutrons 8 r rv 11./(M\1- )1/ 2 o = 4 x 10-14 cmo 

Since the wave-length of a. 20 Mev meson is about five times larger, the pro-, 
portionality of the matrix element to meson momentum would be eXJ?eoted tp hold 

·over the energy range in question0
4 

. - ·' 

In addition to its dependence on the relative momentum of meson and deuteron, 
. . 

the matrix· eieniSnt will also depend on the neutron momentao However IJ a.s the m~s.on 

ener~y ch9.Ilges_from 20 Mev to zero/) the neutron momenta. change by only 7 percento 

Vfe s~all ~hel"ef'or~ neglect this dependenceo In fact, quite as~de from questions 

of the trustworthiness of meson theory IJ one of' the advantages of using the de-
··;. . .. ,. 

tailed balancing argument is that in calculating the capture rate one avoids the 

question a.f the magni tu:d.e of high frequency Fourier components of the deuteron 

wave ,function.., since nearly the same FourieJ:7 components are involved in the pro"": 

duction processo 
'. 
'' 

Finally.., it should be pointed out that the foregoing argument assumes that 

there dcie~f not exist an iriterfi~,ction between meson and nucleoJfS sufficiently 

strong to radically change the form of the p wa.v.e· function near the nuoleonso 

Were such an intE!raction present, the argument would/) of ~course, be invalidatedo 

Let us denote by R(n= + D ~ 2n) the rate of capture from a bound p state, 

and by c:r(n""' + D ~ 2n) the· cross section of this process for an unbo~d mesono 

In the latter case let vn and Pn be the relative velocity and . .momentum of 

meson_ end d~uteron/) .vzi and Pn those of the two neutrons a According to the argu­

ment following (1) .o the rati~ of the capture rate IJ R( 11'"" + .D ----? 2n) 9 from the . 

bound state to the 'capt~re rate, vncr(n~ + D ---:-72n),. from ~.plane ~ave :of unit 

amplitude· should be the ratio of' the square• of the gradient of t.he bound. state 

f"'m©tiorib · I \7 p( o) ·1 2 
/) ·to. the . square of the same quantity for the· plan~ Wli.Ve D . 

·.·.·:· 
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The principle of detailed balancing gives· 

d( rr- • D ---7 2n) "" ~ Pn 2 o{ 2n --:----7' D • n-) / P1/ (3) 

Th~ factor ~ is the product of ;, for the statistical weight of the spin states, 

. 1 
and 2.- to allow for the indistinguishability of the two neutrons. Combining 

(2}· and· ( 3) we find 

R(ll"" + D ---->2n) ~ ~ 1.2 Pn 2 ct(2n----> D+ u-) \ 'V ~(0) \ 
2 /l'-Pn 3 

, 

where p. is the· reduced meson mass, or using the approximate energy relation, 

Pn2/M ·=· ~c2 ., With M ·the neutron :mass, and the assumption of charge symmetry, 

(4) . 

If we put in the value of I \7 fl{(o) 12 
for a p state of principal quantum 

number na we find · 

where a is the mesonic Bohr radius, a = :ti2/ir-Le2. With the measured value of _ 

cr(2p~D + n*) 9 (5) gives 

. . . ' 

R(u- +- D---; 2n) = 1.,0 x 1011 (n2 - 1)/ n5 sec-1 • 

In Table ·r this _transition rate is compared with that for the radiative 

transition. of the meson from the np state to the ls stat!'~., For n > 3 it is 
. -

estimated:tbB.t the transition ·:rate by molecular collisions should predominate 

over that for radiation. The table shows that the rate of the two neutron 
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Table I 

A comparison is given of the transition rates for 

lll~so~ ~bsorptio;n and radi atioii to the . ground state from 

the lower p state Bohr orbits. 

Transition from the 

State 

2p 

3p 

4p 

Transition Rates in Units of 1olO seo-1 

Decay by -fast neutrons 
emission 

~94 

.,33 

Radiation to ground 
state 

17.2 

5.1-

2.2 
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process is at least thirty times too small to account for the observed ratio 

of n= +. D ~ 2n to n"' + D -7 2n + 'Y . o . . 
; ·• 1 

The supposition that the meson is a scalar can thus be excluded, unless, 

indeed9 the alternative of a large meson-nucleon interaction is the true one. 

If we imag~ne such an interaction to be representable by a short range potential 

well 8 it is evident that, in order to greatly change the p wave function near the • 

.. nucleon., the strength of the interaction must be nearly great enough to contain 

a bmmd p state in ths· .well$ that is, :nearly great enough to produce an isobaric 

Ii the. n-meson is a pseudo scalar particle, the angular momentum and parity 

selection rules allow non-radiative capture from the K shell of the u- + D 

/ ·system. The question then is Whether the observ~d ratio of the radiative and 

non=radiative processes can be easily understood. 

If we suppose that s states alone, rather than p states, are involved in 

the reactions rr= ..,, D ~2n and 2p ~ D + n+, the :relation (4) would have the 

factor t_2 I \7~(~) 12 /Pu2 replaced by I fb(O) 1
2

• There is, however, no 

Teas on to exclud~' p states from the production process, and we shall write 

R(u- + D -72n) .., 2 Mc2 o-(2p ----?_D + trv) I pf(o) 1
2 

3 , Pn (1 + bprr2 / ~2c2) 
(6) 

where the tenn in the denominator proportional to Pn2 represents the p state 

contribution (relative to that of the's state) .to cr(2p ~D + n+). Indeed, 

it is characteristic of pseudoscalar meson theory that it describes the mes::>n-

nucleon interaction as primarily taking place in the p state. the s state 

coupling arising only from llllsmal11v relativistic correction terms. The sma-llness 

of these terms is characterized by the maEs rat:i.o ~;M., which is not., in truth, 

·. 
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a very small parametero According to the theory 8 the constant b would be of 

order M/ \1- ., 

To obtain the rate of the tr'"' + D __,. 2n + Y reaction. we shall again 

appeal to the p:::"inciple of detailed balancing8 making use of the information 

available on the photoproduction process, Y + n ---?P + n-. This can be regarded 

as the inverse of' the radiative capture in deuterium to the extent that the 

presence of the additional neutron does not af':fect the capture rate.,· We have 

calculated the effect to be expected because of the exclusion principle and 

the existence of' n-n forces in the :final state., and conclude that the capture 

rate. in deuterium will be reduced by a factor., f, of approximately two-thirds. 
5 

In analogy :with ( 2) 8 we now have 

, 

where cr(n- + p ~n + Y) is the cross section for this reaction for very slow 

mesons, of' velocity v~o .From detailed balancing, 

so 

R( tt"" • D ---->2n + Y) = Zfjl.o2 ct(n ~ Y--> p + w-) I pi( O) l-2 
/ p; • 

In this equation8 <1(n + Y----,..? p + n-) j p ~ is to be evaluated just above 

threshold., 

(7) 

The experiments of Steinberger and Bishop6 on photoproduction in hydrogen 

give 
' ' ·'· . ' - . ' -29 
an approximate val lie of the cross section (J(Y + p ---?n + n•) = 7 x 10 cm2 

for a Y=ray of 180 Mev 8 ·corresponding to 23 Mev relative energy of meson and 

neutron in the center of mass system., According to an argument of Brueckner 

and Goldberger., 7 the cross section for Y + n~p + n- would be expected to be 
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larger, for non.-relativisti. c meson energies, in ~he. ratio 1/(1 - ~jM)2 = 1.,3 • 

. The exist~nc.e of. a negative excess in .the ;photoproduction from carbon has been 

'demo:hst:rated1 experiinentally by McMillan; Petersbh a:nd. WhiteS and Peters~:h~9 
. . . . 

While there is some doubt as to how well the ·~bservations agree in detai 1 with 

th~ prediction!:! of Brueckner and Goldberger, there is no doubt that the negative 

to positive ratio is at least ·as large as indicated above. We shall according~ 

take cr(Y + n ---7 p + rl"") "" lo-28 cm2., SiJ+ce the lowest energy for 'Which experi­

mental data i.s. av~lable is that just quoted for production of 23 Mev mesons, 

'while: (7) requires the cross section just above threshold, an assumption about 

the energy dependence of the photoproduction cross section is necessary., If 

the ma.trlx ele~ent fo: the process is a constant (i.,e.,, if the variation of 

the cross section is determined solely by the available phase space) over this 

energy r~e·~ __ c'(n + "!--? p + n-), p~ will be independent of energy, and the 

23 Mev val ti.e may be used in ( 7)., While this assumed ene.rgy dependence is the 

one to be expected on the basis of pseudo scalar meson theory, it should be 

emphasized that it is not based on any direct experimental information: our 

present knowledge' of''':th.e excitation function for pi.s.otoproduction of mesons is 

not sufficiently accurate to pe:rrni t an unambiguous extrapolation to zero energy. 

(8) 

Inserting 3/7 for the ratio of the R's, f ~ 2/3, ~/M s l/7. p~/p~ = 1, 1/2 for 

the ratio of the. ,a-ves, we find (1 + bp;j~2c2) ,;, 3 ., This evaluation, in vi~ of 

the unoertainties in the measurements of the various quantities appearing in (a). 

can hardly be trusted i;o b-:;tter thEm a factOr two o However the result fs quite 

compatible 111Ji th the notions one has to the proper behavior of a pseudoscalar 
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fie:fd~ s_inc~ .P~fl,-lo(} . .;, i/2<) a vaiue. of .b of the order :M/lJ- is indeed permissable.; 

Quite. aside f:roni the ~certaint:i. es in the measured quanti t:i.es 8 it should ·.also 
'. ' . ·) .. . :: i ,. 

~be .po,inted o:ut that the value here found is in t:P,e nature of an upper·iimit 

for the s. state cont~bution., since if the photoproduction oross'section de~ 

creases -more rapidly with decreasing meson momentum than we have assumed., the s 

W:ave couplizl.g will be corres_pondinf?;lY reduced., Cartwright6 Richman.o 'Whitehead 

.. and Wilcoi2 '9lf.d. Peterson
10 hav~ fotmd that mesons from the 2p ---7 D + n* reaction 

hav~" ·~ fuark,edi~ nan-uniform angular distribution in the center of' mass sy~tem8 
which'~h~w~-:quite definitely the existence of coupling to other than s states" 

The hbsolute value of the capture rate given by (7), f'otm.d by inserting 
~ 

I :¢(o) 1
2 ~·1~~~3 and the previously quoted value of the cross· section, is 

R( n,;, +- n·~ 2n ~· Y) = 2.7 x lol4 sec-:-1., 
. ' - _, .. - , 

. The capt'ure of ne. mesons in· elements heavier than deuterium leads charac ... 

teristioally t<; stars 9 rather than high energy Y~emission~ Panofsk:y, Aenodt 

and Hadley11 gi:Ve as upper limits for 'the fraction of' high energy Y-emissions 

10 percent in helium and 0.,5 percent in carbon., As :we. have previously remarked 8 

~he n(:Jn-_r'f:l_diati_ve capture in deuterl um depends on the l'rqbabili ty of' finding a 

high relative momentum of the nucleons in the deuteron. In more tightly bound 

systems this probability will be considerably larger., Crude estimates0 based 

on a. semi~empi:rical momentum distribution for the nucleons in carbon given by 

Chew and Goldberger 9
12 indicate that an increase in the non-radiative capture 

:rate by a factor as large as 30 may be expectede On the other hand, the rate 

of emissio~· of high ~n~:rgy Y-rays vdll be reduced in the more tightly boi.md 

systems relative to deuterium, because of the greater inhibiting effect of' the 

exclusion principle in the final ~stateo The experiments of' Peterson and White13 
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and Mozley.914 on." the photoproduction of m~sons show that a proton bound in 
- . . ' . ' . - . 

. . par~on-' has. ori;l,y_ 1;il::\.~::':t,h~r,d_ .as .'~a:J;"g~. a p~o_t9P,l"C>9:uction cr,oss sect~_on, a~ 260 Mev 
, . · · · " • • , '• . • , • · ' • . .- , · , ' . ',:;. • ' · ' · ,. , • \ ' ', 1, ' 1 , , , , , ~, , • 

photon energy, as a free proton., :Caloulai;i,?n_s by Brunol5 indicate that a 

similar reduction by a factor three is .to be expected in the radiative capture 

rate in carbon., The Y-ray emission rate may thus be expected to be reduced, 

relativ·e to deuterlUill.6 by a factor two 0 The combination of these two effects 

leads to the expectation that the 30 percent of "(-emission found in deuterl uin 

'Will be reduced to something of the order of 0.5 percent in heavier elementso 

FinallYa it may be mentioned that if it be supposed that the n--meson has 

spin one (despite th~ fact that the n° certainly has not, since it decays to 
,· 

two Y-rays), an explanation of the observed ratio of the n- + D~ 2n and 

n- + D---? 2n + ·Y processes can be based solely on selection rules·. · A vector 

meson in the K shell would have odd parity, and J .= o, 1 or 2. It could thus 

decay to the 3P 
2
. states.of the two neutron s.ystam. However, a pseudo-

0,1,~~ 

vector meson would give states of even parity; those with J = 0 and 2 could 

decay to the ~So and ln2 two neutron states 1 but decay from the J = 1 state 

·would be forbidden., If we suppose the states are occupied in proportion to 

their statistical weights, a ratio of radiative to non-radiative transitions 

of i/2 ·is' thus to be axpe cted., 

Infor.mation Division 
scb/10-25-50 

,. 

•• 
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