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ABSTRACT

In this paper we snall consider the relations’between'the scattering lengths and the
effective radil in the S,P states, following from the'dispersion relaticns for NN scattering.
The estimations of the contributiom of NN interaction to the diapersion relations for NN
scattering were obtained by means of experimental data for np and pp scattering at low
energles. This contribution is not large. Its”valne depends on a sign of scattering lengths -

in the 5 - states.

Introduction

The analysis of dispersion relations for NN scattering and their appliéation for the
analysis,o: experimental data 1is difficult because of the presence of the contribuéion of_
antinucleon—nucleon interaetion. It concerne“both ‘the energy dependence of the total cross
sections of NN interactions and especially, the unobservable region which remains even in
the forward scattering. k

One may hope that the influence of nucleon- antinuclecn_interaotion does not p1a§ a
great part in the region of low energies. Under this aesumpticn one may try to obtain(I’z) a
the approximate dispersion relations for NN scattering. They do not oontain an unobservable
reglon. ' ‘

‘ To*olear up the role of nucleon- antinucleon interaction is interesting both for
obtaining‘the~approximate~relations and from the general point of view, In the present
paper an attempt is made to estimate the contribution of NN interaction to the NN scattering
at low energiest 7 . »

The approach applied earlier(J) in the analysis of the dispersion relations for .
scattering and basing on "effective range theory"(4)'is used for this purpose.

The relations between the scattering lengths and effective radii in different states
were obtained'ror JN scattering in (3) They made a direct cheok possible because the
values determined - directly from the experiment entered into the final relations. It was
shown that the result of the analysis depends strongly on the small phase shifts,

Analogous relations for NN scattering include the unknown characteristies of the NN
interaction. The use* of _the data on NN scattering at -low energies (and the energy,depen-
.dence of total cross sections) makes it»possible‘to estimate the contribution of NN inter-—
action to the dispersion relation for NN .scattering.-

We shall consider the dispersion relation for KN forward scattering. Having written
the KN scattering amplitude in the form:

-

- °<+p(qn)(62n)+tg(61+Ezﬁ)d(qr?v)(@&?)+a(§f)(:?)} S
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‘where ?, m,n = unit vectors in the direceions Kg* ke k, and l(e x';(g s accordingly, and Q)B=m *Kg
- one particle energy in the centre of mass system, we shall take only the dispersion

rela.tions for the quantity.
- _ wz 4' . 0 ‘
() =2 - 5,M(0")
"~ The dispersion relations for NN scattering were considered by different a.uthor:a(5 16,7, §]

They were discussed in more detail by Goldberger, Nambu , and Oehme( ) A number of inter-
esting considerations was given by Ioffe(e’)

=Neutron - Proton Scattering

The forward dispersion relation for the quantity Anp (W) may be written in the form:

Pe{dhﬁ(w)'%(i'f%)dnp(m -"%(1—" %‘J,,)dnﬁ"(m)}=

' 2y k oy wd m 1 » @)
m . .
P dGJ np ((*) n‘r(w ) 4 T ]m o(,-;p (OJ )
T 7 —| dw -
§Ie | K' |w'-w W | T (e W)t -m?)
- m w(apy) -
where w = total nucleon energy in the la.boratory system.
o 2
m, = nucleon and pion masses, w}, = gm -m
2 - .
B =%:,,— = deuteron binding energy, W4 =m-2B+ Ba/g,m
- 2% . 1
[«(0)=3% —Tot

The effective radius 7 twas determined be the relation (4.40) from /3/, the notations
used here are, in general,the same. The term proportlonal to the integral from w(zl_,)to
m (. the unobservable region) and those including dnp (M) and 6,,P(w’) w111 be considered
as the contribution of nucleon— antinucleon interaction in (2).

Taking an interest in the values Reorp (w) at small’l (m)z we ghall present the

dependence of the phase shirts on the - -energy in form(4) ‘ .
' 2L+1
ZSH IR { (L-) 6+l : .
T ctgdTL) =g e T EAC Ls) ¥
where aL £ a(zs" scattering length (at PL-- 0) in state with total momentum .T ) parity (—1)
and spin S kg Qg -nucleon momentum in the cent::e of mass system, and
. . ) R -
K -: l’z, : (AR ; : .
— z—==cz(2+2 = =2 - 4
5 < ( ‘_m) | | S ®

: The‘scattering lengths ‘in 361 and '50 states are-sometimes denoted as.atsa(’s,),‘assa(’s,).
In accordance with the determination (&) at < O and @G5> 0 . The quantitiesiin the centre
of mass are ‘marked by the sign- e . Using the cxpression for o(,..P in terms of phase shifts
it is ,possible to obtain:
w --_ Tsind, - b, L
np( ) m IZO(&.TH)Q in * = T E_s (@r+1)e ‘sind;
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) where.ygf - phase shifts in the states with the total momentum J . (Mixing coefficients
£a1l out 02(3) ) - . R ’
S '8 .
As 3 Grp=t . M T (W) =Sl T pp (W)
o Oy g Im e ()= e Tmdiep (€ ()
- Rt (6

-1y

in the laboratory system an(OJ)is expressed through d (cug) by the: relation S(AC=I%-ZHOCM)

o u ~ 6. ' el i8;
hop (W)= £ - B ol ()= (4 + te) G L, (evene Tendy D
" From (3) and (7)
S T

and ‘the expression for Dnp (M)

Dim)= -—(30np<35 w[ apr@s )]+0np‘ “P[ 2pnr('Se )Jf . : ,(9)

takes into account an inelastic process-annihilation by means of fn,(’6,) and ﬁnp('so)
“which are imaginary parts of the phase shifts in the corresponding states of . nbP ‘ ‘system.

2. As in paper/3/<we shall consider the”relationg following from (2) if it is differen;
tiated over QL and putting that Q O . Taking into consideration the available experi-
mental data we shall restrict ourselves by one’ differentiation. Denoting a derivative over
%L of D (oJ) through D ( ), and its value at w = m ~ through an(nw) and’ takiug into

" acoount that all lengths are expressed through ) we shall obtain:

) |
Dm(m’* [Dw("” Dw“”ﬂ Ac[‘éf(f?)*g (a)%1 iz% v , (10

i o
'[an(w) L (w’)] LJ o' —Im Stop (W) }

gn‘PJ ‘- W'+ i (o) (w'*-1)
: aﬁz

The contribution of the deuteron state in (2) is calculated ‘within the accuracy of the

terms of order 'ET ’ therefore, in (Io) the terms ot order é;; 1if compared with those .

written out are- omitted in the second term on the right. .

2
The terms of order li—) are omitted in the term proportional to f2.

(Zm v
For D On) from (3) and (7) wevhave:

Dag (M) = 4 Dplm) - 15 [a (sofac's) s L2, 3aCs o (s, )+ o
. —;-z(’s,)]-a(’a)-ﬁa(‘eh ace)-5a¢p)|

Acoording to the experimental data

/9,10/

.

g



a (35,) =- (0,537 £0,004) 10" cm =-(25.6 £ 0,19) A, |

a('s,)=(2,373£0007)10 %cm =(113£0,33)c : (12)
T(15,) 2 Tos 22710 Pem =12, 84 A,
o 7 (%5, );azot=1"7-10-13cm=6’,1/\
from where ]

' D,,,P(m) (0190+00025)1O Zem =905, ' o2y
Dnp (M) :-9 20- 109)«

The 50 state gives the main contribution when calculating an(nn. Triplet - S —scattering
gives a contribution not exceeding 5% of that of a singlet cne while an inaccuracy in the
value Qg results in an inaccuracy in the determination of D (nﬂ about I%. The contribution
of scattering in p-states turns out to be smaller. If we make use of the predictions of
Gammel Christian, and Thaler's potential/II/ for a rough orientation, the p-state contri-
bution does not exceed a value determined by an inaccuracy in the calculation of the deuteron

term and will be comparable with D 0n) The estimation,based,on the Signell and Marshak's
potential/Iz/ gives H

a( P == 146,42, a(3P°)=5'7,2)c , a(’p,):-tm,s;\c ,aep,)= ZA,7,8}\C "

The estimation of different terms in (IO) shows that the numerical contribution of deuteron'»
state turns out to be more essential than the onemeson term which played an important part
for JIN scattering. In practice the presence of an(rﬂ) (in Io) in the considered low
energy region does not influence the result as one can see from KII) and (12) The quantity
(nﬂ dpes not exceed errors when calculating the deuteron state contribution. The small-
ness of this term conrirms the supposition about a small role of “subtraction" in the
_nonrelativistic region. Besides, this- fact makes 1t possible to- suppose that the contri-
bution an(nﬂ) is not large. For the. time being it is not possible to estimate 1t directly.

The contribution of the deuteron (in the righthand side at B =2,2 MeV, | a:zt=o 608)
is +(54§0 + I3). The contribution of the one meson state - 162 at ﬂ4ﬂ= 0,08 and - 184 at

¥/ 5 =0,09. o -

The main difference between (II), (IZ) and analogous formulas in paper/j/ consists in
quite a different role of the S and -P-states ‘in np and TN scattering. The presence of
"resonance"  JIN interaction in the P-state leads to the following: Djv: (w) 148 an in=-
creasing function at low energles, while the "resonanee" nucleon interaction in S state
makes Dy (uJ)deoreasing at low energies. A sign or a(’s,) is essential here, -

3. The calculation of a dispersion integral

1 dew' Gp (') Fpp (m) L
InP (m)‘ . JTZ‘ p£ qw”‘-{(wl’k‘f) - 8372, ) (13)

\



leads‘to the value : :
S s ) : .
__ 77940 _ . it .
an(m)-” gre 796510 S ¢ L
" The 1ntegral an(m) is considered as a 1limit :

an (') deo’
‘o, )(w" f)‘/"

_&m[Fs(w)+3F(Cv‘)] R ¢ 1)

wo *1

Fn,,<m) Bim - Pj

All integration interval is divided into sections. On each section the function 6' (w)
is approximated by a. simple expression. The Smorodinoky's i’ormula QIP,?' 1is used in the
region of kinetic energies up to 20 MeV. ;

| " : o (16)
Gn = .40 J 1 2 ’
P(Ec) =131 }‘(1,zz—o,osEo)L+ 5 ’ (0,27+0,06E ) + L2 cm :

( E - kinetic energy 6-:' neutron in the la‘ooratory system inVMeV) In other region more:
) ’rough approximation is used. The roughness of the approximation an,((u) at high energies
jd0es not introduce any appreciable error, because the region w~w play the prinoipal
part when calculating (I5). When the dependence of Gnp on energy is given by (16) the
contribution of this region is : :

F,(m)= E.m F, (%)= E,m {5 t(w)+l-"s(wo},

where, for example,

x .
- '*Zd ‘ 6(5)(09’) y , '
‘Fm(wo)jp‘(’ | ,;,f g 'o::f—w _JTaz(S )‘———-Enlk"_g: - €3))

1
+(———K: *Kes\ 2 azctg (_k: M k’:’ £ 'azctgﬁ_ ’
Kis = KZs Kis - Kis - \KS - K5/ Mas ‘ K““ o
and analogous expression for triplet state contribution. In (I7) k:;_ and K:, _are roots

of the equation :

- : 2\ 2 ’
y . K K 2 2
(%_nfi+o,oem_5) +‘_9_5.=o (k¥ > K7
By means of (I7) and (15) we obtain- directly :
2 X
|t z°t‘€ Kot klt a.'CCtg?

an ("'")7'“ I ,ani(’.") - 6-7(%

z_ ey~ iy
Kpp (K ~kb) Ky (K- KF) . (18)
tg X. 2 X
2,,]1 2 "’15"‘""’3";5 _ Kzs‘“ct?k,; -_-_770'106
Qs Kas(E-KE) - Kig(KE ~ K2 L
In (IS) Knt and k’“ are roots of the equation :

<1zz- )7‘- Ke o
& R T

-The contribution of the whole region of energies exceeding 20 Mev is no more than 0, 3 %

of the value in (IS) In an auxiliary region an interval of the energies > IOO MeV
gives about . 12% of the contribution of this region. ‘

4. Collecting results, carrying known quantities on one side (in IO), we obtain



for a contribution‘of the nucleon-antinucleon interaction :

) oe 1 ‘“ 1 L PR :

| d(») Gn~(w ) 1 1 Jm A nP (C«J‘) i . : .

7 R | 4 B - Dry ()= 1000 S
1 w(2p) :

Thus, a direot comparison of dispersion relations with experimental data on - np scattering

.

"at low energiles shows, that the contribution of nucleon-antinucleon interaction to the

nucleon seattéring‘infthis region is small, Hence it appears, in particular, that for

this region of energies it is possible without a large error to replace ‘the exact dis—

persion relation (2) by an approximate relation

(wd c.))( wed -m?) 5’JTZ

DnP(C’)'D"P("").’“’zfmz)’(wd*m)% e +t Pde-G“P(w)J » (20)

2m }LI wlf w

A relative role of the unobservable region decreases with the increase of energy; To obtain

data on 1ts contribution at different energles one can employ the relation»(76) of paper/®/ .

Proton —~ Proton Scattering -

“uy

The amplitude d can be expressed in terms of amplitudes of NN scattering in states
with certain values of i1sotopic spin «, and d by the relation : ' —
2 Xy, =K,k =y ol | : (21)
As a result we shall obtain a relation'for PP scattering,instead of (Ioj.i It'does not
include a deuteron state contribution and the numerical coefficient before sz 1s changed.
An unobseryableregion includes also states of several mesons, with T = I.
Instead of.(8) and (lI) we have

Dpp (m) = 5A('5,)=56,57 . 3 © (22)

[ § ’ - , .
DPp (m)= gia —ag(agétas)+a(?P)+3a(JP)+50(3&)}2-/9 00- 10”,\
Employing an 1sotopic invariance and calculating only the contribution of the region up

to 20 MeV for a corresponding Antegral by means of Smorodinsky's formula, we have :

J- (m)“' J'{ + autg Kas - 1975 10 ST ‘
PP ZF [ Kae 8, 5 , SR (23),
The relation (I9) 1s replaced by : ~ ' i ’
¥l . 1 ; - . ) ‘ ‘ ) ,
4 Tdet Gp@Y) i [ Jmegple) 1 iy
. - — adiii - - 0o,.
’W‘J Tt T Jd“’ @] 7 f‘"’) 250 .
! LLowp )

‘ what points out one scale of the corresponding quantities in pp and np scattering. In

the analysis made this was the consequence of a fundamental role of the singlet scattering
in (19) and (23) Thus, the approximate dispersion relation of type (20) in which
r;(oﬁ_ 0 takes place also for pp scattering.

A\



. sion integral

. Nucleon Scattering 1n_the r-' 0 State

Using (21) it is possible to obtain a dispersion rela.tion for the soattering in the '
states with T 0. 1t will ‘have the form of (2) in the right-hand side of which one meson
: state contribution is absent and a deuteron contribution 1s doubled. ’l’he relation (IO) is v

transformed accordingly. ' T ‘ ’ '

Instead of (8) we have :

: D ﬂ<m>=za(«’s1>f=~38,nc-,~ it (25)
instead of (II) o
o o ('26‘)"‘-5'
D/W(m)..l’D (m) IT+G (at+— ot) o(p)} 5160),: : B

- Here the relative role of the p-states 1s. higher, certainly, than in the cases considered

)

' earlier. However, a ' role of D(m)1is not significant as betore. If calculating a- disper— '

. Ty (0)
(0) Gy ()
' I;w'(m) z.Pj du vy

t

w -1

Awe sha.ll limit ourselves to a contribution of region of kinetic energies, below 20 MeV, then

‘ L x_ k azct

(o) a2y klta’t{ig’k P 7 Kt ’
]', (m):-i .2t —_ 2 8350 =‘5,15°
NN 2 JT £ vkzt (kf’t - k:t) ) It(Klt~ zt) ¢

The deuteron state'contribution 1s now 10,900 and'byanalogy/ with (19) and A(24)' :

1 wd ! G(o‘)“ (0.31) 4 ! ], o(m (w') (o) '
g J NN g Jon AT R | g : - T -
. - - . m)=+ 300" : 27
w(ep)
‘The approximate dispersion relation d1ffers .from"(zo) by its numerical factor before (o) »

DISCUSSION

As a result of this paper re shall”consider_the estimations of type'(IS),v<24), @n
and the foundation of the approrimate relations of typez(zo), The estimation (é?@ i3 less
-Tellable, moreover all three relations show a magnitude of contributlion of nucleon-anti-
nucleon interaction to dispersion relation for NN scattering. '

The existence of approximate relations (20) oan be useful when’ analysing the experiment-
al data on NN scattering in region of low energies, espeoially,.when more;degailed data on -

NN scattering in p-states will be obtailned.
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For the first time, the approximate dispersion relation ‘for. NN scattering was postulated'
‘in Blank, and Isaev's paper/I/ *) In this paper it is founded by a direot comparison with
experimental data.v The main result of this paper - relations, type (10) ~ "ocan be- employed
to obtain data on contribution of unobservable region in the future, when data on antinuclcon
—nucleon interaction in a wide region of energies will be available. '
It would be interesting to note that the conclusion about small contribution of NE
interaction is .connected with a sign of ae. and Q; e ’ ‘ ‘
- The dispersion relations for plon-nucleon scattering were used at one time by different
authors to determine a positive value of D and d below a resonance. In this paper
- when calculating the signs of NN scattering lengths Gs and Gt were taken from data on
scattering of neutrons in parahydrogen and’ orthohydrogen (see, for ex. /IO/)
As D On) is determined completely and D P(nﬂ is- determined by a singlet S —scattering,
a change’ of sign of 0( S )would result in an’ important role of nucleon-antinucleon interaction
both at low energies.‘ It can be interesting to pay. an attention to the fact that a positive‘
i value of 0(35 ) 1s determined from point of view of dispersion relations, by the presence of
' real deuteron state, as this follows from “theory of. effective range (see, for ex. /14/)
’ This analysis may be interesting for a discussion of data on nucleon-antinucleon 1nter-‘
action at low energles. The dispersion relation for NN scattering is obtained from (2),‘if
we shall replace formally W —r— —¢ and - d,w by A np. “An’ certain places. The role of
‘one meson and deuteron states 1s decreased sharply but that of unobservable region 1s in-
creased noticeablyJ In presence of necessary data the relation of type (IO) can be used

to obtain an estimation of contribution of an unobservable region in this case.

‘The author expresses his gratitude to the late V.Z. Blank and to P.S. Isaev for

many useful discussions and to J.A. Smorodinsky for useful remarks.

Received by the Publishing Department 30 July 1958.

*) Paper/I/ includes anunneoessary section on the symmetrization*of the scattering
amplitude. ‘ . S ‘ '
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