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-ABSTRACT

The dispersion relations for the process of the photoproductron of neutral mesons on deu-
terons are derived with the help of rmpulse approxlmatlon. The unobservable region, begmnmg‘
with the state of a free proton and neutron gives continuous spectrum at which no other poles
exist. In this two-nucleon approxrmatlon, valid up to a maximum photon enetgy of 236 MeV the
- calculations mcludrng the recoil in the Bre1t s system for the nonforward scattering with the

2
absolute value of the momentum /1_- Mt M are carried out. The specralrzauon of the

results is given for the case of deuterons perpendrcularly polarrzed to the d1rectron of the pro--
‘pagation of mesons without the spin- flip part.

;LVINTRODUCTIOV

The exrstmg papers on the photoproductron of " -mesons on deuterons f+ 0/--'5 0]’+T‘
(Chew and Lewis, Lax and Feshbach 1/) which use the 1mpulse approx.unauon and g1ve good
tesults, as well as the papers on the dispersion relatrons for scattering of ~ Jf -mesons on

deuterons (haschluhnZ/) make us believe that it is possible to desrgn the d1spersron relations
for photoproduction of ~ J7 °-mesons on deuterons . ,
Ve are compelled to treat the bound state-deuteron - w1th the aid of the 1mpulse approxima-
tion because so far there exists no satisfactory theory of general use in the theoty of wave fields
~ applrcable also to the vertex’ parts of the bound states. In the present case the impulse approxr-
. mation is chatracterized: 1) by the interactions with the separate nucleons as if they were un-
bounded -2) by the fact that the mteractlons ‘of the separate free nucleons in the 1ntermed1ate
state are in comparison with the other interactions negligible.
‘From the general point of view of wave fields and from the causality condmon it is neces-
sary to pomt out that we must regard the interaction of wave fields with’ separate nucleons sepa-
‘ rately locally - _which leads through the composition of the local mteracuons for both nucleons
to.a certam ‘unlocality’.

It is evident that in this case the drspersron relatlons for nonforward scattering 3/ wrll be.
consrdered

T

1/ G F. Chew, H. W, Lewls Phys Rev. 84, 779, (1951), H. Feshbach, M Lax, Phys.Rev. 88, 509, (1952)
2/ F. Kaachluhn, Zeltsehr fNaturforsehung 13 - 183, (1958), Nucl, Phye 5, 303, (1958) R 4

) -+ 3/ N.N. Bogolyubov, B,V. Medvedev and M,L. Po”vanav, Problems of the Theory of Dispersion Relatlans, Goalzdat .
Phys.Mat.Lit,, Moscow, 19.‘!8 (in Russlan). abrldged translatlon in German by F Kaaehluh.n, Fortsehr.d Phys, 6, 169, (1958)



In addition the dispersion relations for the case of non-forward scattering were used for the

. photoproduction of. I -mesons on nucleons in the paper by Logunov, Tavchehdze and Solovyev 4/

In order to des1gn the dlspersmn relat1ons in our process of the photoproductlon of aq ~-me-
sons on deuterons, we must rederive all the quantmes Let us remark, that deuteron as aspin trip--
let and as an isotopic singlet has no other states. o '

In this way in ‘the ‘two-nucleon’ approx1mat10n we get two free nucleons in the 1ntermed1ate ,
state - the beginning of the unobservable reglon - to which we ass1gn as to the system of two nuc-"

leons the relative momentum p

A continuous spectrum belongs to the state of two free nucleons; there and in the unobservab-
le region there are no-other poles.

With regard to the comphcated ‘general results for the photoproductlon amphtude the d1sperslo:r.
‘relations are referred to the deuterons polarized perpendlcularly to the d1rect10n of the propagatlon :

of mesons and are given id the Brelt s system.
2. PHOTOPRODUCTION AMPLITUDE ‘

Let us cons1der the process of photoproductlon of neutral mesons on deuterons ay‘:,.d_,. 0/+)'('°
{ see fig. 1). ‘

v

We denote the final and 1n1t1a1 momenta of the system of nucleons by ﬁ and £ ; —

- their quantum numbers by m, and . ; momenta of ¥ -meson and photon
» {
— their quantum numbers are denoted together: P
tlvdy '

and # -

b

for 77 -meson and M for photon, respec-

Ve shall use the followmg labels for the field operators: - 44 ("

) for the electromagnenc '
-field operator f / (X)

for the pseudoscalar meson field operator (in wh1ch P means the iso-

spin index), ([) (X) for the spmor of the nucleon field in Heisenber g’s representation.

Then we write our matrix element usmg S -matrlx to obtain the photoproduction amphtude,

4/ A.A. Logunov, AN, Tavchelldze, L.D. Solovyov, Nucl.Phys. 4, 427, (1957),

.

see also E,Corinaldest,NuovoCim.4, 1384,(1956),



which we shall need further in the dispersion relations’

~ ! -/ /
S (a0 B )<l 7 5/%’/%79W>“)
‘ To 1nclude the recoil we choose the Bre1t s coordmate system in which .
f&'*?‘= o (2)

Wrth respect to the laws of conservation of momentum and energy this gives us the possibility of

expressmg the momentum of the photons ™ and of the meson in the form

ke - (1+£)7é~
j er + (i i)/ﬁ

where t- /w/ and d{/ is an arbitrary parameter and the unit vector € s orthogonal to
- the momentum fb . If we have the fixed momentum - 72- we get in this way the energy of J -

meson(E j) . ¢
- L 7 -
E ~J _+(i+£) o 4

Turmng back to the matrix element (1) by using the creation and annihilation operators of me-

(3)

son and electromagnetic field with their commutatron relatrone with S -matrix, we can rewrite ,
the matrix element in the form '

S (ag M’) Z (ﬁ’) e

(5a)

$'[ e modedly

2

L(gx £y< /;/M/,A a( S
S ff(x)JA fy)

The radiation operator of the second order H between bra- and ketvector 1n the matrix element

in(5a) can be expressed by the hermitian current operators of meson 7 [x) and the electro-
' magnetrc 4, (x) field. Usually denoted by the current operators belng

5‘*/’ zﬂ‘;ﬁj

-—-—-——J o L/PX—L—-—-—-—-
{7 S Y



we get the radiation operatpr expressed simply by ,
| N P
Py S Y Pry o ]
I U P T RACRS >

In the same manner as in the case of photoproduction of J ~ -mesons on nucleonsS/ inour

(7)

case of deuterons in the plane of complex ener%les in the physical reglon we can go from the cau-
sal matrlx element in ( 5a ) (we label this V.., w % - (x)- see 4/ ) to the retarded (which we
label W,, A (r) )and advanced matr1x elements which are indentical with V-., [x}
in uppef or lower half-plane respectlvely and on the real axls ( with the exception of thelfmlte num-
ber of points and lines of discontinuity on the real axis),

" Using the Fourier transformation we pass from the quantities V{X} W(X) to the quantmes ;

(l(,) M (kl For example for M(l() we have

M"’m,/zw=/0/x (’.lb -/ ,/. () | 8)

I

where instead of M [/‘) and W(") the causal T/k and V(lX) either advanced quantities,
~or product of currents from 7 can be substituted as well.

As usual we can consider only the retarded parts thanks to qulte analogous properties of the
advanced parts in the lower half plane. ’ r/’.u
In the place of the varlatlons of the first order in the function Mj;,, ;i ( /we use with the -
aid of 7 terms which are formed as a product of meson and electromaglretlc current and which can
be spllt spectrally6/ as a product of two matrix elements. Otherwise we split the function
M*I ”lz " (‘k) as obvious into a dispersive part D and an absorptlve one A which can be

defmed again either by means of our functions W (X) o of the product of currents from ( 7 )

In this way we get the matrix element ( 5a ) expressed in the upper half plane of complex

energies and on the real axis in the form of
2 ? m A-l)
)M A

£ o
%,_4:;,“? j'(/,J,? 4 - ﬁ){‘bs, i m ( *,, /( )

Owing to the fact that only the absorptlve part — forming the photoproductlon amplitude of

Tt -mesons on deuterons w1th (5) -is necessary for determining dispersion relations, we in-

.74 Ses ref. 4/.

6/ See N.N. Bogolyubov, D.V. Shirkov,Introduction to the Quantum Fileld Theory, GITTL, Mo s cow 1957, p. 383 ( in Russi-
an) . See alse Q.F, Chew, F.F. Low, M.L. Goldberger, Y. Nambu Phys.Rev, 106, 1345, (1957) and retf. 4/.



troduce only this part explicitly. So after the 1nd1cated 1ntegratlons we have 4  in our coordi-

nate system ( 2)

AT ey . '
ot (EAE) T 07 J()Me t;ﬂ“)”.leé{i’](”)(’)ﬁ’"?x[:o)

J(t/mqﬁ +E - m) 8 <P (‘7)%-“5;&/*;
‘/’,,, ATHE 4, y (0} 7)71,”>j(m*+f;z E 1/Mim+t)

where all quantities in matrix elements are in I'Ielsenberg s P}Ct‘“"e"

.
w?r

3. ISOTOPIC STRUCTURE

On the basis of isotopic invariance the, isotopic'structﬂte of the process of ‘photoproduc-
tion of J7° -mesons on deuterons is reduced to a part1cu1ar1y s1mp1e case — vector in the isoto-
pical space- that is to its third component. .

As the only posslble way of the process over the 1ntermed1ate state accordmg to the change
of the isotopic spin by 1 there may be taken into account only the 1ntermed1ate states w1th iso-
topical spin | ~ i.e. in our case a free neutron and proton. '

For the process J.*o/—pn, +¢L w1th the initial state/I I 7 glven by /0 0) and w1th
the final state either <, o/ for ascalar wave function in the 1sotop1c space or<1, T [for It 0
for a vector wave function § -matrix may be written in ‘the form of a scalar 7” () and of the
third component of a vector Vj '

) o v v
(4,) f() -C+C v, C1+C+=i (11)

Analogous for the process f'b +n, "C/*r with the initial state /0 02 or /f —;_’for I 0 and

with the final state 41 I for I%, = 0 the 5(3) matrix is a scalar “f (2)

S(i) (3) (V];_) o | . (12)

The resulting wave function will be the third component of avectbr only

¥, 5m50 (V#)  cfd (13)



4. TWO-NUCLEON APPROXIMATION

-We direct our.endeavour to the possible contribution of various terms in the expansion ( 10 ).
From the laws of conservation of energy (i in our coordinate system %= j ) and from the
condition that the quanmy J, O we obtam the energy of the photoproduction threshold € the
in the form :
‘ s

Etm (“ﬁ)/f‘ | '£="‘/1T‘ | ‘(‘14)»'

When we consider in (10 ) the hlgher quantum states for the correspondmg intermediate ones

namely 0) the deuteron or two nucleons respectively 1) the deuteron and ¥ -meson (or two
nucleons and = § -meson respectlvely) 2) the deuteron and two ¥ -mesons, we get the expres-
sion of the energies of these states ‘ ' ’

E (w) ’/L{M -Mt b} w=01,9 ) ;‘( 15)

I (=1,%
4 . o '
. SV ME R |

where M n," is equal to 0) Mo to the mass of deuteron‘ M or the mass o’f two nucleons ”&
) My= /‘1+/ w, (Miz=H, 1*/41)2) My= M+ A The correspondmg energies to the two‘J
functions are symmetrically placed on the real axis E =~ E (%) and it is valid for these

E (0} E (OP.) E (l)( E (1&) < E : (See Flg- 2) ) E(i)
| : 2
co L EEY T Byt g ¥
ot lo = g 77777 AT ATV 777

o ’ ; V/////’///////// 777
I -
R Fig.«Z., B
Ve find out through gradual comparlson with the energy of the threshold E{.;W_ of the _photopro-
- duction process that it is always E Ethy and that for energies of )/‘ -quants in the inter-
val from 10 MeV up to 236, 25 MeV 1t is always [ )> EHVV" We obtain the equality E®

= EHw-
for the value of momentum

»[_;:_':7.4‘1_2'_..— _‘ o (16)
T (Mm) -

" which is anonforward scattermg ( //h / 76 0 )
~ In this way we see that at least tor one value of the moméntum (glven by /16/) the contribu-
tions of the terms in the expansion ( 10 ) belonging to the higher quantum states are neghgxble



From this point of view we limit ourselves to the first term in the expansion ( 10 ) which in-
| cludes the deuteron or two free nucleons in the intermediate state respectrvely '

. With regard to the relations given by. the isotopic structure in our process, which permrt the
~lowest intermediate states with isotopic spin 1 - in virtue of the emission of neutral ‘¥ -mesons
-"we see that the deuteron which is the 1sotoprc spin singlet can not’ exrst as an 1ntermedrate

state

We obtain in this way — one neutron and one proton like-the only 1ntermed1ate state — whrch

we' 1nclude into the expansron (10). _

Further we shall use the relative momentum of these two free nucleons ﬁ‘b S0 that for re-

lative mass M/u p/L in (- 15 ) we may simply have _ t
‘10& 7"1 +‘/7‘t/u | S (17)

In virtue of M= M -¢& ‘from the formula (15) for begrnnrng of the continuous spectra we get
the energy (wrth the aid of (3)) equal to:

Eiztﬁ,_ Merp! %g=__._/_“’___. o (18)
Vi » ~

- For these two- nucleon terms the - f~-functrons can be expressed in the form

IO )| e ST

M: 2

For our photoproductron amplitude with the polarrzatron of photons we obtain in two-nucleon’ appro-
xrmatron the followrng result

‘ x {J/ o . | ' ‘
= W/I B my /E‘: {< _(f)-/f{,m' ] (o) %tz,le‘iéﬁ'% o, /ﬁ‘ﬁf‘]@ﬂ*u?( 20)
\ f(E@) P m w 3 00) Pon-des 177 (o} ‘P,z wﬁE E‘)t) |

where for /£ €- 'lL/ 7'. “the expressions -

‘/L e - -é'/L y £'+ . ' | ( él )
are valid, ' o ’ |

Ve express the separate matrix elements in the photoproductron amplitude ( 20 ). Gorng over
from Hersenberg s representatron to Schrodmger s we rewrite the expression ( 20 ) brrefly in the
form



- =10 -

| GETE
x<? /z 6/ (x) ﬁ,hy>0/7E+E) <- /L,m/¢ /)/fwy C>x
(22)

e (6 EEOR A

where ) (x) means the meson current-and 't (x) the components of electromagnenc current.

Yyt 2 (B f‘)’"i —L/ {</”"//(’)/j/‘€"

- We derive the following formula as a first approximation for matrix elements containing the

meson current, using the impulse approx1mat1on from the definition of 3 -matrix’/

<ol OIE i B A (5 ) n TE (T
> ‘ (23)
"szs fo/x_,'j( If)};_x&‘z%‘;'?fo(x,lx»/é)Y/;X;}

' where

Y —r

4g-9-F | | ~
WD), )e*/‘ faf/——-)T

fm.(x:f:,f/w‘sxu,;{);v)e-‘zvﬁ VMMH o

A (Y% ) X=X =X

The wave functions of intermediate state symmetrical or antisymmetrical respectively are given by
the expression .

..L ﬁ X o
AL ) (25)
thz (x ) { (x/‘) (P‘l /‘)} Vz(u')"/ (e sl ) |
Ve mtroduce the wave function of the deuteron in the reliable form
(I) .(i' (.,4/5 (m,s))ﬁ (e-,(/:;/ e'—/S[x;/) (26)
/' n : -0 :
) LI (4 /s) lx; / 4 o
which appears to be a good approx1mat1on for the choice of constants A= bk
‘The individual symbols in the expressions (23 ), (24), (25) and ( 26 ) mean: x X

the relative coordinate, )(P the coordinate of centre of mass, Q the incides of the 1ntermed1- '

ate state, 1 the first nucleon, AL the second nucleon, 7 the quantum numbers of the inter-

7/ See ret, 2),



- 11~

e ' ' . =i : ' . :
mediate state, 4  the quantum numbers of the final state; 5/ the momentum of the intermediate
state, Y the spin-functions of the state, X the isospin-functions of the state /s the mass

3 ‘ S p Y .
of two-nuf:leo‘rxs and A= 0.32 M ( M, is the mass of J°) .
For the matrix elements with electromagnetic current we obtain on the basis of impulse appro-
ximation with the aid of $- matrix as a first approximation analogically the formula8/

G F =< e (5[ fp o= -
AT (TR ) A (T PR A T Yk A (et ) e

CO IS WEATELS NEEAENCETIE .

{YeXu%;;z_. y/sAxS '17\76_," (%—éj’x)-f Xe X4 [6'—’:)( 75’] >(/(’/""-z, Xs}
wﬁere / |

Mg (T e (hr ) -

Aepr (5434 oy (£4214,). | =

1 for a neutron
N
ty, = < ;

and tj expresses the eigenvalue of the zet-component of the isotopic spin of the i-th nucleon,

j = 12,3, Mo the magnetic moment of a proton, M  the magnetic moment of a neutron and

other meaning of symbols given by the formula (23). Using the formulas (23) and (27) in the
photoproduction am

(6, ,6-,80)

for a proton

B~

plitude (22) for x= 0 we sum, after performing operations of spin matrices

I . .
. ® Y02t Vo0, .. (29)

and matrices of isotopic spin

8/ The nonrelativistic interaction’s Hamiltonian as a starting point lor the derivation.of the formula see W.M.Mac-Donald,
Phys.Rev. 98, 60, (1955). For the possiblllty of derivation of the formula ( 27) in this form the author is indebted very much to
Dy, F, Kaschluhn, ) ' .
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¢ .‘(o,p =% X?L,o ! E ' (‘30_) V

over the spin-functions Y andi isospin- functlons - X
- We obtam simpler results, to which we restrict ourselves in this case, in the case of deute-
rons with spin perpend1cularly polarlzed to.the direction of the propagatxon of meson (. j ). The
flrst expressions in braces of the formula ( 27) m this case vamsh after summing over spin —
and isospin-function. Physicaly this case is realizable by msertmg a target of deuterons into a -
magnetic field. We shall not take into account the polar1zat1on of the spins of deuterons in the di-
rection of propagation of e -mesons. -
Then the photoproduction amphtude of deuterons w1th the spm polanzed perpend1cularlv to
the direction of the propagation of mesons we obtain after carrying out the above operations and
after summmg 1t over

L (648 )= J‘/i —[————-/lb (E _')(C/?H )- ‘. ‘(‘31)’

hMﬁ. i M"'f."‘

- ~d(e-51)
5 (6F7) 22 (ke (k“ + )T/z*)'%/

> /7Y —-7 (I — -~ —
= . - 2

—T("‘) /(1']7: (x/“)(l)apym'(x R )"//" )

where the meaning of separate symbols is: E}\ the energy glven by the expression ( 18 ) on-
. ly with the difference that /5 is now equal to » o
s sl/ e 1 (33)
/s ; : R
‘ . L (]
with analytlcal contmuanon on the real axis ( T — J/h ). The argument in B

where ° means the value of pro ectlon of the spin on the dlrectlon of the ropagation of meson);
j propag ’

/%—’2-7 will go over'into ¢ $7 - A .
h

e value of the integral (31 ) is given by the expressmn

T{A_’) (hkp (L1p)) 12 E 11 '
o ("‘f/‘) ""J*j /5’“7 o( +3 ,s 7 } (34)
b=6a |

j //1./.,,"‘/‘:_// | ‘(35)
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5. DISPERSION RE_LATIONS
9/

: the drspersmn relations we pay closer attentron to the photoproductlon
"amplrtude (31) for deuterons perpendicularly polarrzed to the drrectlon of mes ons, Wh1ch is an odd

“In order to derive
~ function and whtch we shall use in the foll lowing. .

“For negatrve values of E r only the frrst C/~ functlon contrrbutes to the expression (3] )
and for positive values only the second c/~ -function, Accordmg to the varymg value of the re-
latlve momentum Eﬁ_ reaches its maxrmum for the value fé,u‘ 0

e et )
// ) : ] . ‘l‘M 2 ,'_ Il-'(. .
For the value of f/f,, A, ‘ : SHRE o ’
1‘/“ /2 (""'ﬁ’“/s f‘) P S (37
is {1 equal to zero. : L
For the values of fz/u in the mterval

Oéft “'

Efl runs through posmve values of energres m the mterval

and therefore only the second j -function makes contnbutron For the values fa/," F E 1
is negative and therefore the first -functron contrlbutes only to the whole reglon

E-L-h,y- <E 40

' meanwhlle the relatrve momenta 7’1/. fun through values of the mterval

O AR b 2

2 S .
where P is the value of the relative momentum fz/_ when

B _ 8
'E'l:hy‘z’ETL (38)

For the specral case of the momentum of deuterons

9/ See reference . 3). chapter VI Canstruction of the dispersi-en relationas,
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—"-‘L 1 ‘ M‘

‘fb YdM M+}4

" we obtain the above values of momenta [ and P in the form

P,——/’”’ Mﬂ*’“ _é_ M+S) L (39).
+ . ;
P M U . ‘.
PL_):‘L:E(M-rW“) #083400; |
Wrth respect to the fact that there always exists an interval of definite length on the boundary '
of the region (- ylw E=0)=on the real axis — we can regard the function Y  as the only one
- with the branch line on the real axis. The drspersron relatrons for the photoproductron of 7"'" -me-

sons on leuterons perpendrcularly polarlzed to the d1rect10n of the propaoatron of mesons can then .

“be written ‘
‘Z) (E’C) 2 (to,"') (E"E )

2 ik PR /EW(T)/ : | ‘(‘40)"
J q'E E Y(E,‘C) ’ 0/EI E'y (E'7) T
(E’v E"} E"'E ) | E"E}/E"’ L"~)
R " /Emax (‘C)/

whete E ; ‘Ma'f's fz. l”’f | | /!’ I 51' — -
| W/M" A O

14

(r) 1 +_£'..

I[ —‘/Mz. 22 /

(41b)

E yias .(T)\ | £+/5 72 o S _'.(‘41")','

‘. « 14 ) ' o . ) .
and where the other symbols are: a° the Hermitian part of the amplitude for deuterons, Y the

‘antihermitian part (the odd fnnction),_ P the principal value of the integral, E . the energy
" .which we choose equal to the mass of Jf© meson (),h_ ‘

The first integral is related to the observable regron from the energy E Mm to 1nf1n1ty |
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The second 1ntegtal falls into the unobservable reg1on w1th imaginary momenta and may be
expressed by means of Bogolyubov method This 1ntegral is the functton of the energy E only
and can be determined separately ' o

For special value of the momentum of deuteron, given by eq. ( 16 ), for wh1ch the express1on

" of photoproducuon amplitude i in the two- -nucleon approximation comes to be true, the dispersion re-
lations for photoproductmn of % -mesons on deuterons perpendicularly polarized to the djirec-
tion of propagating % ° -mesons take the form :

S
E)’ ,ﬁfw(E)

,. ,D(‘E)-Q(J"’)v":irz"fﬂp O/E (ELE*)(E" 7(5)  <42>

where "".'b ' \,_
g J/h 3 = E ﬁ ) - /M

and where Y, E) is gtven by the expression ( 31)),

The’ exptessmn y(E) which comes from the unobservable region is g1ven by the integral

lnf‘ 0@ |7 @
P o) by P /g; o
LR

where ?’ is the coupling constant, P the principal value of the integral;
-

| 9 Eﬁ ('z) T >0 " | (44)
P ,2,66(73611, ~and I(j} and I(IJC») are given by the expression (34),

éﬁcnemnelmuﬁ HHCTHYYT
| THEPHNX Hccnenopary® |
| _BUB/MOTEKA |
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