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< | | HIGH-BNERGY DEUTERON CROSS SECTIONS: CHARGE EXCHANGE EFFECTS.
: | Victor Franco
é Lawrénce Radiation Laboratory
: University of California
Berkeley, California
and
) _Roy J. Glauber
Lyman Laboratory of fhysicsv
Harvard University
Cambridge, Massachusetts
October 3, 1966
ABSTRACT
The effects of charge exchange in collisions of high-enérgy particles
of isotopic spin % with deuteroné are invéstigated. Thé diffractioh approxi-
‘mation is used to express the deuteron charge exchange cross sectién inlterms of
the elastic scattering amplitudes of the neutron-and proton and the deuteron
‘gréund state wave function. Examinations are élso madé of the influence of the
‘charée.exchange mechanism on the total cross section of the deuteron, the
elastic differential cross section and the summed angular distribution of scat-
ﬁering (elastic plus inelastic scattering with initial charges preserved). The.
important role played by double scattéring processes in shapiné thevdifferential
cross-sections of the deutefon is illusfratedvin‘a discussion of proton-deuteron
4 elastic scattering at 2 BeV.v Double-scattering is shown to be the doﬁinant.,
Eé collision mechanism at scattering angles which are not too close to thé forward
’dr;f . .

% .
Supported in part by the U.S. Atomic Energy Commission and by the U.S. Alr
Force Office of Scientific Research. ' '
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directién. The effect of the_double charge exchange process’ on the elastic

differential cross .section is ;hownth be ‘small but_of‘sbme significance in

tﬁe éngular range.ﬁhich\is dominated by double scattering} ’The theory developed

.for charge exchange feactions;is applied to thepKO anguiaf distribution which

has been observéd from K*-deuteron collisions at»2.27 BeV/c. Estimates are

fbund fo; the differenﬁial and integrated K+-neutron charge exchange cross

sections, and for some related parameters.b The‘éffects of double collisions

on these cross sections are.felatively smail and easily evaluated. Thé effect
of the chargelexchange mechanism on tﬁe values.of the pn, ﬁn and Kin toﬁal

cross section which are reached indirectly via measurements on the deuteron

is shown to be exceedingly small for momenta above ~2 BeV/c.

3

i 2
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I. INTRODUCTION

‘Since most varietiés_of elementary particles are both scarce and
short-lived no direct'mgthod is available forrmeasuring their cross sections
for collisions with neutroné. An.alternative_procedure ﬁhich has been widely
applied at high energies involves measuring deuteron cross sections and sub-
tracting from them thé'méasured Cross séétions'of the free proton. It has
been important in applying this method to recognize that fhe.deuteron cross
section may deviaté appreciably‘from the sum of the free neutron aﬁd proton
cross sections. The principal source of this deviation lies in double collision
processes and shadowing effects to which the incidént parﬁicle is subject when
passing through the two nucleon system. We have given a detaiied discussion
of these effects in an earlier paperl in which we have asshméd that the charées
of all particles remain fixed during the collisions.

It is clear that double colliéion and shadowing‘effects may play an
analogous role in the determination of éharge éxchange c;oss sections of the
neutron ffom the corresponding measurements made upon fhe deuteron. Wevshall
therefore extend the analysis of the previous paper to include the effects of

charge exchange. Since scattering takes place predominantly near the forwgrd

direction at high energies whether charge is exchanged or not, the dynamical

considerations presented in Ref. I remain essentially unaltered. All of the

approximations introduced earlier apply equally well when the chérge state of

the incident particle is changed in the cecllision process.
Charge exchange processes also have a certain bearing on geuteron cross

secticns for collisions in which {there is no net transfer of charge. This
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effect, thch has been noted by Wilkin,2 is due to avpair of successive col- f <
lisions in which two cancelling charge exchanges occur. For charge independen£
pgrticle inte}aptioﬁs the effect mayvbe seen to depend quadratically on the
difference of thé:élastic'scattering amplitudeskof the heutron and proton. It
tends therefore go be a small effect relative to the 5thér cross. section cor-
. rections,vas we shall show explicitly for thé cases of ihcident nucle?ns, anti-
nucleons and K—mesons.

The kinds of collision processes!which lgaatﬂ charge exchange scattering
by the deutefon are illustrated schematically in Fié.,l-for an incident positive

particle which is the I, = % member of a charge doublet. Only one type of

5

single collision charge_éxchangefprocess can take place, that shown by Fig. l(a),
but twg varieties of double collision processes may occur as shown by Figs. l(bj
“and (c).3 A1l thr&zfmocesses lead to idéntical final states and are experimentally
~indistinguishable; the amplitudés they chtribute add together coherently. In
the place éf the ihitial Qeuteron'the charge exchange précess‘leaves either t&o
brotons or two neutrons, and the states acéessible to these particles are signi-
ficantly restricted by the exclusion principle. In particular; since the final
nucleons cannot remain bound, charge exchange collisions with the deuteron must

be inelaétic in character. |

The types'of collision processes which may take place with no net transfer

of charge are illusfrated in Fig. 2. The charges of all particlés remain fixed

[ B

in the two single collision processes shown in Figs. 2(a), (b) and the two double
collision processes indicated in Figs. 2(c), (d). Shown in Fig. 2(e) is the

additional process, mentioned earlier, which is introduced by allowing for the
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possibility of two compensating charge exchanges. The amplitudgs for all five

' processes add coherently, and contribute both to elastic and inelastic scattering

by the deuteron.
" We derive expressions for the various deuteron cross sections in terms

of charge indeperident scattering amplitudes in Sec. II and express them in

“terms of the more directly observable neutron and proton scattering amplitudes

in Sec. III. The angular distribution of elastic proton-deuteron scattering is

discussed in Sec. IV. The theory suggests that the scattering observed at
angles which are not tooclose to the forward direct{onvis contributed predominantly

by double ccllision processes. We discuss the effect of charge exchange on

Iy
this angular distribution and note that a recent calculation of the distribution

is in approximate agreement with its observed form.5 In particular the shape of
the observed angular distribution seems to give fairly diréct evidence for the
detection of double collision processes.

In Sec. V we illustrate the way in which our results can be used to

]
analyze charge exchange processes by considering the reaction K * d~>KO+ P tp.

-+
We derive the differential cross section for K -neutron charge exchange scattering

. 6 -
and several related parameters from the data of Butterworth et al. Finally

we indicate in Sec. VI the quantitative effect which charge éxchange scattering

has on the total cross section of the deuteron for collisions with incident

protons, antiprotons, and K-mesons.
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II. FORMULATICH OF CROSS SECTIONS
Thevhigh—enefgy apprqximaticn teéhnique we ﬁse permits us to expreés
the’amplitudes and cross.sections for'various kinds of scattering by ﬁhe
deutéron directly in terms of the irdividual amplitudes for scattefing by
the neutron and protohf fwe shali assume that.the particles of the'inéidenﬁ

beam have isotopic spin % without specifying their nature further. They

may thus be nucleons, antinucleons, K-mesons, etc. 'We shall furthermore assume,

for simplicity, that all of the interactions considered are precisely charge

independent and omit the effects of spin dependence (some of which are discussed

in detail in Ref. I).

In the experiments we are considering,incident particleé of either of . .

two. charge states (I, = i%) collide with neutrons and protons. The scattering

3

amplitudes which describe_suchvcollisions may be dealt with most cOmpéctly by -

defining an isdtopic spin dependent scattering amplitude operator. With the
assumptions noted earlier we may write the ahpiitude operator for scaltering
_by a nucleon labelled by the index 1, in the general form
a,(g) = £(g) * zy &lg) < C o (21)
where Hfig is the momentum transferred to the target nucleon, and i_and I are
the isotopic spin operators for the incident particle and targef nuclecn re-
’ . :
spectively. We shall always take the functions f. and g to have the values
characteristic of the‘laboratory system, which is the initial rest frame of

the nucleon.

0

&



oy,

13

-5- S _ UCRL-171k2

If we take the initial state of the incident particle and deuteron to
be.[i) and the.final state to be If), we may write the corresponding amplitude

for scattering by the deuterons as Ffi(ﬁ)' In the diffraction-type approxi-

I

~mation which we use the amplitude Ffi(%) may be regarded as the matrix element.

of an operator F which contains terms which are linear or bilinear in the

scattering amplitude operators aj; i.e. we may write

where the indices l and 2 label the two nucleons of the deuteron and r is -the

14

internal coordinate of.the deuteron, r=ry- Iy The operator F which we re-
quire is an immediate genefalization of the one derived in Ref. I, Eq. (3.6) -
‘for the case in which charge exchange 1is negleétéd. The only change necessary

stems from the fact that the scattering amplitudes are now represented by

operators rather than cfhumbe:s.' Since a) and a, do not commute in general

~ the order in which they occur is an important feature of the term.ﬁhich describes

double scattering. To express the operator F most conveniently we separate the

internal deuteron coordinate r into two orthogonal components.. We let z be the
component of r in the direction of the propagation vector k ..for the in-
cident particle'and'let a‘be the éomponenﬁ of alin the plane perpendicular to

k. The operator F is then given by

) ‘ ' .l. _ils,
Mo o o 5 ) - (@ HE 4 (et
1 ig':
* o Jo 8 2 [s, (Bate )ay(3a-g )0, (2)
' ! ' 2 ' .
! 32<§q:qﬂ)a <&9j3.)9_(z)]d( )% (2.%)
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. o _
in which the integral over é é’ is an integration over the plane of momentum

transfers perpendicular to k, and the functions 6.(z) are defined by _ . N

9'(2) _J1 for z>0 : o
e 0 for z2<0 : » (2.4).

6 (z)

1 - e+(z)

The first tWo terms of deescribeAsingle soattefing processes by each
of the two nucleons. The third term describes the effect of double interactipne:
Since our basic approximation assumes that scattering processes take place_pre—
domiﬁantly'throughsmall angles, the order in which the two interactions take
:place.is determined by the instantaneous configuration of the deuteron. For
z > O the incident particle must first strike nucleon 2 aﬁdvthen 1. This re-
quirement explains the presence of the function 6 ( ) in the double scattering
term of Egqg. (2.5). The function 9 ( ) plays a correspondlng role for the reverse
ordering. | |

An alternativevway of writing the ordered operator product which occurs

in Eq. (2.3) is based on the identity

04l2) = 300 ¢ e(x)) (e

where - v
e(z) = z/|z| . (2.6)
By substituting the identity in Eq. (2.3) we see that the double scattering term A

may also be expressed as
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i iQ'°S 1 1 ! » 1 + ') 2 1 - .
-—ﬂfe v ‘ME <al(—2—-+9‘n ), 32(%M—% )} + [al<%_9;'%')’ ag(%q—% )] €(Z)‘ d( )% (2_ ()

in which the brackets [,] designate the commutator and {,] the antieommutator.(

The charge dependence of the operator F can. be made more evident by

writing it in the form

Mo, o & & %) = Mge) * Blgsdry * Bles)isn * ey !
| . (2.8)

(1 % ) <(2)]
where the functions'A, Bl’ B2 and C afe definedlas
‘IVA(ng) = 2f(g)cos(2& s) + exp(lq s)f(2q+&')f(ég: )d(g)%' | .(é,9)
B,(g,8) = g(g)exp(l g's) * -i—jexp(lg S)g(2q+q )f( 9-9' )d( ) - - (2.10)°
B,(g,s)= glglexn(-i3q's) + 5 kfexp(lq +s)f(3g*q' Ja(3g-q' )d(g) o (2.12)
= Bi1(g,-s) | | |
c(g,s) = 5% exp(ig'~§~)gr(%9%+g')g(%g-g’)d(g)g' . . (2.12)

The amplitude for elastic scattering'by the deuteron is obtained by

finding the dlagonal matrlx element of the operator F in the state ]1) For

- this purpose let us write the deuteron ground state wave functlon as ¢(r) and

introduce the deuteron form factor S(q) which is defined as.

s(g) —f“”lqb( )l | o - (2

s(-q)

I

S - n

e G
e g ST



-8- - UCRL-171h2

Since the deuteron ground state is an isotopic singlet state the diagonal matrix N

element of F evidently reduces to
i v

Fli(g) = (i] A - 56[1)- (2.;u)
which may be written moré explicitly as
F, (2) = 22(9)s(3g) + i [s(a')n(g,NaPg (2.15)
’ ! - - .
where h(g,q') is the function
h(g,q') = (é +q')f(3g-9")-3e(3a+q" Je(3g-g") ; (2.16)

v The total cross section of the deuteron, qy is easily found from the

elastic forward scattering amplitude by means.of the optical theorem,

bgr

6, =5 ImF, (o) o : ; (2.17)

To evaluate this expression we note that the average of the neutron and proton

total cross sections,_on_and Gﬁ is given similarly by

o

Yo, +o) =m0 - (218

We may therefore write the deuteron total cross section in the form

d

.where the cross section defect 50 is given by

= ’ + - ’ - ’ -
o o, cp , 501 R ] (2.19)
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. | e . 14(2) -
- 80 = - =5 Re S(q')h(0,9")a'"’q . (2.20)
\,’f;\ k ‘V* - . ~- N .
We shall look further into the structure of this term in Sec. III.

The differential cross section for elastic scattering is obtained by

squaring the modulus of Fii(g). In th@s way we find

%%} = ur(g)1® Py - Es3y) Im-[f*(a)fs(v&'>h(%’3')d(2')93 |

el . i S ' v ’ ”
+ 1  ‘s -v')h 9" d(e) ’,2 . -
N3 f (g (g,9")a g | (2.21)

The total angular. distribution of scattering; whieh includes inelasti;
'cally scattéred particles as Qell as elastigaily_scaﬁterédwones,can be found’
by_summing IFfi(g)lzvover a Cémplete set‘of possible final states f. vSince the
fihal‘states f inéiude all possible éharge sfates of the particles considered,
the;angulaf distribution we fiﬁd in‘this,wgy is the sum of the differéntial
cross section for chargé exchange scéttering,(dc/dﬂ)ex,and the differential

cross section for scattering with charges preserved, (dd/dQ)sc. We thus have

4 . | | |
(ao/an)_, + (ao/an)_. = Z|F.. ()" . (2.22)
+ : )
= (1]F (9)F(g)]1)
If we substitute the form (2.8) for F(g) in this expression and evaluate the

expectation values of the isotopic spin operators which occur in it, we find

i (ao/an)  + (do/cm‘)sc = (1 |A-3c[2. + 5[Bi-32|2 + 12(012 i) . (2.23)
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To separate the contributions of the charge exchange and charge re-
tention scattering we must consider the corresponding varieties of final states
. separately. The deuteron is initially in an isotopic singlet state and there-

= %(T
3 15

the eigenvalue zero. If the incident particle exchanges one unit of charge

fore the third .component of its isotopic spin I + 125), has initially

with the two nucleons their final value of I, must be *¥1. A projection operator

)
corresponding.to those states with I, = *¥1 is clearly
)
S ' 2
i + = i(1 +. )
‘ l;(TlS Te}) 2(]— TlB 725) (2 2)4)

Hence the differential cross section for charge exchange scattering alone is

(do/dﬂ)ex %(i}f*(&)(l + &13 123)F(g) [1) | ’(2.25)

I

2 (i 131-32{2 + hlc|? li) : . (2.26)

By subtracting these equations from Egs. (2.22) ahd (2.23) we find the dif-

. ferential cross section for charge retention scattering

3 GIF (DO -y 5 )R 1) | (2.27)

'(ao/an)sc

it

x| la-3c)® + [B,-B,)° + sel® |1y . (2.28)

When we express the charge exchaﬁge angular distribution in terms of

" the scatﬁering amplitudes f and g by means of Egs. (2.10-12) and (2.13) we find
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(ao/an)_ = 4g(g)]® [1-8(0)] % Im[g*(g)IS(~;—g_gv)j(gja.)5(2)g]

| (2.29)
. 2 » o sl . * 1" : ] *, n-' (2) (2) 1"
+ ——— [8(g"'~ ){J(Q; ") (a,9")*m(g,q")m (g,q"){a 'a
(gnk)af&% L4 5& Q.M w&J ‘EL g
where we have written» '

3(g,q") = e(3gra' ) r(3g-9")-1(3g+q" Jal(3g-a") | . (2.30)

and: , v
- 2g(3grqe(de-a") - o (231)

‘ m(&)&') ‘

The exclusion principle has an important bearing on the final states
available for the charge exchange reaction. When charge exchange has taken

place, the two nucleons of the deuteron are left in identical charge states

~and can not remain in their original even-parity ofbital'state. Charge ex-

'~ change thus can‘not be an elastic scattering process and, in particular, it

cén nét take piéce’in collisioné with zero momentum transfer. This conclusion
is not altered by the intrgduction of spin variables since the only bound.
state ofvthe two-nucleon system 1s the deuteron ground state.

* The first term of the_charge\éxchange angdlar distfibution_(2.29)'cleafly
vanishes as g — O since s(0) = i. ’Furthermore two of the remaining terms also
vanish in the forward direction since j(O,g') = 0. The dpublé.scattering term
which céntains the function m(é,é!)m*(gegf), however, does ﬁot‘vanish fdr
g =0, andAthe croSs‘section (dc/dQ)ex'thefefpfe does takgvon a hon—vanishing

value in the forward direction. The apbafent contradiction between this state-

" ment and the requirement of the exclusion principle is easily resolved.
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The term containing the function m in Eq. (2.29) has its origin in
the term proportional to e(z) in the expression for the scattering amplitude
operator F given by Eq. (2.8). Since the expectation value of e(z) = z/ | z|
vanishes iﬁ the ground state ofvthe deuteroﬁ it is clear that this term con-
tributes only to inelastic scattering; in particular the momentum transferred
to the deuteron must have a longitudinal component if the matrix element for
scattering is not to vanish. The approximatioﬁs we have made in summing over
final states, on the.other hand, have éssumed the energy transfer to be néglie
gible and have thus omitted the longitudinal component of the momentum trans-
‘fer. The charge exchange scatterlng which is described as having q = 0 is
therefore scattering in the forward direction which is slightly inelastic, the’
transverse component of its momentum tranéfer Qanishes but - a small longitudihal
component remaihs.

The differential cross section (do/dQ)sc is the sum éf the intensities
‘of both elasfically and inelastically scattered particles which retain their
original charge state. We may use Egs. (2.9-12) and (2.13) to write Eq. (2.28)

in the'fqrm

(aofan)_ - 2|s(g)[2[148(9)] + 2la(9)|® (1- s(2))- & Im[f*(g)fs(% -gﬁ')h(“,g')d(g)gJ
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The angular distribution which corresponds to inelastic scattering with charge

retention, i.e. simple dissociation of the deuteron, is given by

(do/an) ;o _ (ao/az)_ - (do/cm)el _‘  (2.33)

v

which is found by subtracting Eq. (2.21) fromlEq. (2.32).

The ‘diffraction approximation, as we have_notéd_earlier, assumes ﬁhat
all scattered intensities ére heavily conceqtrated near the forward‘direction.
To.find the integrated cross section it islﬁherefore sufficiently acéurate to
fepléce the differential element of:solid angle dQ_by the nearly equivalent ele-

(

ment 4 2>g/k2 and to integrate over a pléne-in momentum space perpendicular to

v the incident momentum ¥k. Ve may then write

\ ‘ 2) . ' )
fole d g . )
Tex ZI aQ 2 ’ : (2.34)
ex k .

and similar expressions hold for the integrated cross section for scattering
and dissociation. The absorption cross section, which is the cross section for

all incoherent processes including particle production, is

o =0, -0 -0 . .o (2.35)
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ITrT. CROSS SECTIONS IN TERMS OF NEUTRON AND PROTON SCATTERING AMPLITUDES N

In order to compare the cross sections we have defived with experi-
mental results it is convenient to express them in terms of the éxperimentally
measured amplitudes for scattering by neutrons and protons. Let us assume for .
definiteness that the incident particle hé; the charge state I5 = %. Then no
charge exchange can take place when the particle is scattered by a proton.

The amplitude for elastic scattering by the proton, according to Eq. (2.1), is

fp(g) = f(g)+elq) . ' (3.1)

The wave scattered by the neutron, on.the other hand, contains a charge exchanged
I, = -3 component as well as one for I, = 1. To separate these components we

) 5

may introduce the charge exchange operator

PL-31+ 1. 1) | - (3.2)

and use it to write the scattering amplitude operator al(g) of Eq. (2.1) in

the form.
a,(a) = £(g)-e(a)*2e(a)P, . (5.3)

It is evident from this expression that the amplitude for scattering by the

neutron without alteration of charge states is "
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£ (a) = £(g)-&(q) - | (3.4)

while the charge exchange amplitude is

£ (g) = 28(q) . - (3.5)

If the incident particle has I, = -% the same charge exchange amplitude is

b)

associated with charge exchange scattering by the proton while the signs of g

are interchanged in the elastic scattéring amplitudes (3.1) and (3.4).
Thevamplitﬁdeé f and g which we have used to construct the cross sections

are therefore related to the diréctly observable amplitudes fp’ fn and fc via

the three equations

g =309 F (2] G
v %4- 15 ' ' , ‘
-glg) = 3(-1) (£,(a) - £.(g)] (3.7)

g(q) = 3f (q)

s L G

The possibility of finding the amplitude g in two ways, either through directl
measurement of the charge exchange amplitude or by taking the difference of the
proton and neutron elastic amplitudes, leads to a variety of useful ways of

expressing our results.
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We ma for example, write the cross section defect of the deuteron
2 2 N 2

given by Egs. (2.19) and (2.20), in terms of the observable amplitudes in the

form

@)y (3.9)

o . .
= - Z_ Rels ire e (.q)+ -q)- £ (- d
o - - 25 refa(@be (@)1, (-2)72, (7,91, ()7, (-]
The three terms of this expression correspond tb the three possible varieties
of elastic double collision processes. The first two terms correspond to charge
preserving collisions with both the neutron and proton in the two possible
i v _ \

orders. The third term corresponds to double charge exchange. The two steps

of the latter process only take place in a predetermined order, 1.e. the

"~ incident particle can only exchange charge initially with one of the two nucleons.

The sign of the double charge exchange term; which is the term disregarded &n
the analysis of Ref. I, is negative since it corresponds to the exchange of two
nucleons in an ahtisymmetric state. , -

We may alternatively write the croés section defect completely in terms
Of the scattering amplitude for charge preserving processés. If we note ﬁhat
these'amplitﬁdes can only depend on the magnitude, and not on the sign of q wé

may write-

b0 = - 2 Refs(a)es (07 () - b f(0) - 3 S0Py (3.0)

If the range of the forces between the incident particle and the

nucleons is small in comparison to the size of the deuteron the scattering

(=3
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@ amplitudes fp(q) and fn(q) will tend to decrease in magnitude more slowly with
increasing q than the deuteron form factor S(q). The integral in Eq. (3.10)
may then be approximated by evaluating the scattering amplitudes at q = 0.

The integral of the form factor which remains is seen to be
2 -2 o .
Jo@a®Pg - en By, o)

where (r-e)d is the mean inverse squared neutron-proton separation in the
deuteron ground state. Thus when the force range is small the cross section

defect may be approximated as

§o = -(hn/kg) Re<%n(o)fp(o);%[fn(o);fp(o)jg'} (r >d . (3.12)

If we make use of the optical theorem in the form

¥

oy = £ In £,(0) o, i=mp o | (3.13)

where on and op‘are total cross sections and define the ratios
p; = Re 1£;(0)/In £,(0) i=n,p j (3.14)

. of the real and imaginary parts of the scattefing amplitudes, we may write the

expression (3.12) in the form

& ¥
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If the scattering amplitudes are purely imaginary (pn = pp;i 0) the effect of
the double charge exchange correction is always to decrease tﬁe cross section
defeét, i.e..to increase fhe total cross section of the deuteron. While the
expression (3.15) makes the sign and magnitude of the cross section defect
clear, its use for detailed comparisonsvof cross sections rquires somé caution.
In particular when the incident particles are nucleons or antinucleons the
force range is not particularly small compared with the radius of the deutéroﬁ
1
2

or the dimension {(r_e) For such cases, as we have noted in Ref. I, Sec.

a’
IV, the cross section defect can only be estimated accurétely by returning to
more general expressions for it, such as that in Eq. (3.10), and approximating
the required integrals more closely. '

The anguléf distribution of elastic scattering may be written in térms

. | | ’
of the neutron and proton scattering emplitudes by substituting Eqs. (3.6-8)

into Eq. (2.21). 1In this way we find the differential cross section

(a/an) ; = <|fn<q>i? #e (@))% + 2 Re[fr'l*<q>fp<q>]> 5* (3a)

R G MOV ECOH ENCEEDERC S DENC RIS D
- 1, (Jara )1 (3g-g )] Py (5.16)
1 t [ i Py 1 1 t
e | LCRHACTRIESREACERIXEED
2

(]
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.The first term of this expression repfesénts the effects of single scattering
processes. Within it we see the Squaréd amplitudes of the waves scattered
individually by the neutron and proton and the interference term for these
amplitudes. The last term is the squared amplitude for double collisian'ﬁro-
cesses; The two charge preserving proaesses'of the type illustrated in Fig. 2’
" (e) and (d), and the dougle charge exchange process illustrated in Fig. 2(e)
‘ all contribute coherently to the double collision amplitude. The middle‘term
~of the expression (3.16) representsbthe interferénce of tge amplitudes for
single and double coliision proceéses.
We may egpress the differen?ial cross section for charge ekchange
"collisions in terQS'of the neutron and prﬁton scattering amplitudes by sub-.

AN

stituting Eqs. (3.6-8) into Egs. (2.29-31). We then find

(ao/an) . = lfc(g)lg [l-S(g)]- ,,% Im{fc*(g)fs(%;é')J(g,g’)d(g)g'] .
| , | | . (3.17)
. N __g—__e‘ S(g'_én‘){J-(g‘)%,)j*(&,gvv)+m(&’%i’)m*'(g)g‘n)]ée)&vd(e)gn
(2mk) A : _

whére we have written

i(g,9") = %éc(%yg')[fp%g—g')*f

| | | (5.18)
‘+fn(%q+q')]> - _ . S

o
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._The first term of the expressibn (3.17) represents the effect of charge
exchange in single collisions éuch as the one illustrated in Fig. l(a). The
lasf‘term of the cross section represents the sQuared amplitude for double col-
lision processeé in which a single charge exchange takes place. Two different
pairs of collision processes contribute cohereﬁtly to this term. If the inci-

dent particle has I3 = £ the process illustrated in Fig. 1(b), in whiéh the
pfoton is struék before the neutron,contributes terms containing the product
fc fp. The process in which the neutron.is struck first on the other hand, a§
in Fig. l(c), contributes.a different product of scattering amplitudes. The
chafée‘exchange collision with the neutron is again represented by the amplitude
fc, but when the I5 = -% particle which results éollides subseq@ently with the
proton,vits amplitude for elastic scattering by the proton may Be seen through
charge reflection to be equal to fn. The proqess shown in Fig. l(c) thus con-
tributes terms containing the product fc-fn. The middle term of Eq. (3.17)

- represents the interferehce of the amplitudes'for.the_singlé collision aﬁd
double collision charge exchange processes.

THe scattering cross section (dc/dg)sc has been defined és the éummed

aﬁgular distribution of particles scattered both elastically and ineléstically

in their original charge state. The fofm given by Eq. (2.32) for this cross

section may be written in terms of the neutron and proton'scatterihg amplitudes as

(do/a0)__ = vlfn<q>|2+|fp<q>|2 + 2s(a)refs, (Q)f ()] - o= Im{{fn*m)

, ' . (
+ fp*(q)]dfs(%gfg')b(g,g')d(22&> - %E Im fc*(gzjs(%g-g)j(g,g’)d(g)&’

1 ' " r ' * " . ' .* 1
+ -—~—-——~2j5(g -g"){n(g,9")h (g,9")*i(g,q")d (2.9")
(2nk)

+m(q,Q')m*(q,Q")]d(g)a'd(g)gj' | (3.20)



h(g,q' )=%[f

‘effect of double collision_procesées.'
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‘where ve have made use of the definitions (3.18,19) for j(qg,q') and m(q,q"')

and have also written

(3ara)f_(ba-a')+r (3gra')f (Sa-a')-f_(3ara')f (ba-a)] . (3.21)

wa p wa

. The various terms of the cross section (3.20) have their origins in the same

scattering processes as the corresponding terms of the elastic cross section

given by Eq. (3.16).

Iv. DOUBLE SCATTERING IN PROTON-DEUTERON COLLISIONS

[y

'We shall illustrate the resﬁlts of Somé of the foregoing calculations
by considering high energyvélastic scattering of pfotoﬁs by deuteroné. Before
discussing the specific efféct of tﬁe double charge exchange process, however,
if will be interesting to disgués in somewhat more general terms the overall .

| The differential cross section for elastic scattering, as we havé in-
dicated in connection with Eés. (2.21) ana (5.i6) céntains three typgs of
Contribuéions.' There are the terms connected with pufe single scattering pro-
gesses,thdse connected with pure double .scattering procesées, and the‘bnes
arising from the interference of single and doubie scatterings. For the case
of proton-deuteron scatteriﬁg, the‘angular distribution cbntribdted by the
single scattering terms alone tends tb decrease quite'rapidly from its value
neér the forward direct;on as the angle of scattering inéreases. The pure
double scattering contribution is, of course, much‘smallgr in.nwgnitude near

the forward direction, but it falls away from this value considerably more
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slowly as the scattering.anglé increases. While double scattering is relatively
unimportant at small angles, therefore, its contribution becomes the dominant
one for larger scattering angles. The angle which separates what wé may call
the single scattering and double scattering regions is roughly 13° for p-d “
scattering at 2 BeV. '

The magnitude of the term contributed by the interférente of single.and
double scattering tends naturally to be intermediate between the magnitude of
the pure single,andvdbuble scattering terms.; Tﬁe importance df this term
relative to the entire scattered intensity thefefore tends to be greatest in
the region of tranmnsition which separétes the single and-double scattering regions.
The sign of the inter?efence term significantly effects the shapé of the dif-
ferential cross section in this. intermediate region. .Let»us recall that the’
amplitudes for high-energy elastic nucleon-proton scéttering have been shown9
to be predominéntly imaginéry néar the forward direction, and that the charge
_ g#chaﬁge amplitudesvare relatively small in magnitude. Then we may see from
Eq. (5.16) that the sign of the intérferegce term tends to be negative at small'
'angles.lo The destructiﬁé character of 'the interference term means that the
- single and double'écattering regions tend to be separéted by a diﬁ in_the
elastic scattering cross sectionQ The different behavior of thevthree contri-
butions to elastic séattering ana the dominance of double.scattering at the
larger éngles afe illustrated for antiproton;deuteron scattering in Figs. 3 and
5 of Ref. I, in which these proﬁerties of the angular distribution were first
pointed out. | |

The differential cross section for p-d elastic scattering is given by

Eq. (3.16). The charge exChangelamplitude'fc(q) which occurs in the expression
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may be written in terms of the pp and pn elastic scattering amplitudes;

according to Egs. (3.7) and (3.8),as

r(g) =70 -0 . (h2)

t

'Eolléwing notation used elsewhere, we shall write the square of the four-momen-

tum transferred in a collision as t. 1In the region 0 < - t < 1.5(BeV/c) ,
which will concern us most; the nucleon-nucleon scattering amplitudes. which

have been measured are fairly with represented by éxpressions of the form
| L dat o+ nt® R oy
£, = (i*'pj)(kcj/”’rr)ez 2 , J =n,p (k.2)

where Uj is the proton-nucleon cross section and pj is the ratio of the real

part of the protbn-nucleon forward scattering amplitude to its imaginary part.

Within the range of momentum trahsfers mentiohed earlier, the magnitude of the

amplitudes fj decreases quite rapidly as the negative squared four -momentum

transfer -t increases. Since the parameter b is found to be positive, however,

the magnitudes of the fj will begin to increase without bound at some larger
value of -t. Such unphysical behavior of the functions‘(h.E) must be excluded

from the integrations over all momentum transfers g which occur in Egq. (3.16).

. V . B 2
Since collisions in which the arguments (%%#%')2 exceed 2(BeV/¥c)” may be shown

to contribute negligibly to the ihtegrals, we have applied a cut-off to the
functions fj(g) at o~ = 2(BeV/hc)” = -tgh - -
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By making use of the .truncated forms of the ampl_itudes.fJ and intro-
ducing units in which #i = 1, we may write the elastic differential cross
section given by Eq. (3.16) in the form

— + X 2 .
(ao/an)_, = |(k/bm)sS(3 J)eset a0t [(ifpn)f’n +(i+pp)dp]‘

2 ® 2
: + 7 . - t 1 -
L, iDk eat/u bt /lofv s( VT7)e at' + bt bt
160 ) ,

2
(4.3)

1 ' '
' 2 _L ! . ‘
o XF o 2btt Coseqb 6+[to_t_l_+v..l];_-tr+.,_ttv COS(b ] i(z)
- JO

where 9+(t) is the unit step function defined in Eq. (2.4) and the complex

constant D is given by
D = i+ ity )~ & i+o )- i+ . .
D = oo (1 )(t+a))- o (i+p )0 (1+0.)] | N O

The effect of the double charge exchange process is felt entirely through the
second term of this expression. If charge exchange were neglected thé constant
D would reduce to ¢ o (i+ o) .
would reduce to o p(l pn)(l pp)
The parameters ¢, p_, a and b which occur in the amplitudes fj have

-13

: ' . 11
been found from proton-proton scattering measurements to have the approxi-

) . .
mate values 45.1mb, -0.12, 7.62(BeV/c) =~ and 1.88(BeV/c)  respectively at the
laboratory energy of 2 BeV. The parameters cn'and o have been obtained in-

1,

. . h . *
directly from pp and pd measurements -which have yielded the values 4%.0 mb

and 0.20, fespectively. The deuteron form factor S has been obtained analytically
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' 5
from the ground state waye function referred to as ¢h in Ref. I, Eq. (h.E}).l’

The elastic differential cross.section for p-4d scattering to which
these data lead has been calculated by Franco and Coleman and is plotted as
the solid curve in Fig. 3. We note that the curve has all of the qualitative

features mentioned earlier, the rapid dropoff in the single scattering region,

-i.é. at small angles, the interference dip at intermediate angles and the much

slower rate of decrease at larger angles. The values of the cross section

1k ,
measured by Zolin et al. are confined to small momentum transfers but may be

- seen to fit the curve well. The values of the cross section found by Coleman

ef al.5 lie at much larger momentum transfers, but seven of the eight measured
points again lie quite close to the calculated curve.

"Also shown -in Fig. 3 is the contribution made to the cross section by’
the single scattering terms alone. Whiie this contribution might be adjusted
througﬁ parameter changes to fit £he measurements at small momentum transfers,

it clearly could not be adjusted in addition to fit the measurements at large

-momentum. transfers. The single scattering contribution is some two or three

- orders of magnitude smaller than the cross sections measured at the larger

\

momentum transfers. The uncertainty of this ratio, which is due to our un-

.certainty of the deuteron form factor at large momentum transfers does not seem

great enough to influence the conclusion that the scattering observed;at the

larger momentum transfers is almost entirely double scattering. Calculations

done for other plausible representations of the deuteron ground state yield, as

shown in Ref. 4, differential cross sections which are quaﬁtitatively fairly

" similar to the solid curve of Fig. 3. As an additional example, we have in-

vestigated the influence on the cross section of a hard core in the neutron-
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proton interaction. We find that while the presence of a hard core may increase
the deuteron form facto? and raise the contribution of single scattering in
the'angularkregion we have considered, this contribution still drops off much
too rapidly to approxiﬁate the scattering observed at the larger angles. At

t = -0.88 (BeV/c)e and at t = -1.54 (BeV/c)g, for example,‘the singlé scattering
contributioﬁ for a hard core potential yields cross sections which are smalier
than those observéd by factors of ~50 and:~500, respectively. The double
scattering calculation for a hard core potential, on the other hand, agrees
approximately as well as the other calculation we have reported.

Although the_representation of charge ekcﬁange scattering which is im-
plicit in the amplitudes fj is rather cruée, it is adequate to establish the.
magnitude of the double charge exchange contribution to elastic scattering.

We have shpwn as the dotted curvé in Fig. 3, tﬂe differential Cross éection
obtained by dropping the charge e#change term in the constant D given by

Eq. (k.4). The double charge excﬁange contribution evidently does not alter
the shape of the differential croés section materially and, relative to the
single scattering contribution is quite insignificant in magnitude for small
momentum transfefs. In the double scattering region, however, it does raise
the cross section perceptibly. It increases the double scattering cross
section by about 12% near the secondary maximum at -t ~ 0.6 (BeV/c)e.

No measurements of the differential cross-section appear to have been

2 , 2
made to date in the interference region 0.2 (BeV/c)™ < -t < 0.4 (BeV/c)".

Observations within this range would be highiy desirable as a-check of the
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thedry and of the paraumeters used in it. The precise behavior of the cross
section within the interference dip is quite sensitive, for example; to the
_phases of the nucleon scattering émplitudes. Variation of pp and = within

2,1k
& are found to change the value of the

the quoted experimental errors‘
cross section at the miniﬁum by an order of‘magnitude or more without changing -
it appreciably in the other rénges of t. It is evident that the curve shoﬁn.
in Fig. 3 gives at best only a qualitative indication of tﬁe behavior of the
croés section within the interference region.‘ Observétion of the shape of

the cross section in the interference region may be a useful means of securing

~ information about the phases of the nucléon-nucleon scattering amplitudes.
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V.. K+-DEUTERON CHARGE EXCHANGE COLLISIONS
We shall apply odr description of deuteron charge exchange processes to

the reaction
+ 0 -
K +d—=K +p+0p - (5.1)

at 2.27 BeV/c , and i1llustrate the way in which the cross section for the K'n

charge-exchange reaction
K" 4+ n —aKO-+ b o (5.2)

may be estimatea from observations of the reaction‘(s.;) and of K'p collisions.
In so doing we shall obtain estimates for the ratio of the real part of the
forward K'n elastic scattering amplitude to its imaginary part and for the slope
of the forward_diffraction peak in K'n elastic séatterihg.

Thé differential cross section for the reaction (5,1) may be expressed
in terms of the Kfp and K'n elastic scattering anplitudes, fp and fn, by>means
of Eq. (3.17). The charge-exchange amplitude f, in this expression is related

“to fp and f by Egs. (3.7) and (3.8) which may be written as
f =f -f e - (5.3)

We shall simplify the evaluation of the integrals in Eq. (3.17) by taking

~advantage of the fact that the K%p scattering amplitude varies much more slovly
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with incgeashmg moﬁeptum transfer than does the deuteron form factor. To
'étate this.relationship in differenﬁ terms, the r.m.s. radius of the K+p
interaction near 2'BeV/c, as estimated from the K+p‘e1astic scattering angular
distribution,_is aéproximately 0.5 fermi,l6 which is appreciably smalier than
averagé radius ﬁf the deutéfon. We are evidently justified, thereforq, in
making use of the approximation already mentioned in gonnection‘with'the deriva—'

tion of Eq. (3.12). It corresponds to replacing S(g) in the integrals in Eq.

11

(53.17) by

S\%‘ (Q)CQ) om(r” o | o v - o (5.4)

. Wwhere 5(2)(q) is a two-dimensional delta function in the momentum transfer

variable. In this way we reduce the expression for the, charge exchange cross

. section to the form

(¥ -os@in@®

Jex
-2k (r Ty, gm.fc(g)pr(g)fn(O)-fn(g)fp(o)]} - 53)
(r8) L ' .
i J L asans, (o) -2, Gara s, Gace?

eIty (3grg)z, (3e-g) 2] gy

/
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The error of the approximation (5.4%) may be estimated,by.using a Gaussian Torm

factor, to be less than 0.3% for the integrated cross section for the reaction .

L

(5.1) at 2.27 BeV/c.
We shall assume that the K' -nucleon elastic scattering amplitude has the

form
22

10[_q .
273

£(2) = (o /i) (o )e 20T g (5:6)

at small angles, where cj’is the~K%—j total cross section and pj is'the.ratio_df

the feal part of the forward K+—j elastic scattering amplitude to its imaginary

part. This form is consistent with the available high-energy K -nucleon scatter-

ing data. The iﬁtegrai in Eq. (5.5) may then be evaluated analyticaliy and the
differential cross section may be expressed in'terms of 5(g) and Gaussian
functions of gq. | |

We shall.consider the Kfﬁ chérge exchange reaction K%d —;KQpp at_2.27
.BeV/c.where measdrements-have béenvmade by Butterworth et ai.6 In order to

calculate the differential cross section for this reactioﬁ we need to know the

2
p

’.sgattering amﬁlitudes (5.6). The K*p total‘crOSS section has been measured

values of oé, SR o, Qﬁ,pp, and pn_which are used to parameterize the K+7nucleon

17 to
be 17.3 mb, and the K'n total cross section has been deduced from K'p and K'a
17 '

measurements to be 18.5 mb. A measurement of Qg has beehvmade by Chinowsky
. / : N

et al.16 at 1.96 BeV/c and yields the value 3.1 (BeV/c)-2. The magnitude of oy
has been measured to be 0.3k at 1.96 BeV/c, and theoretical calculations18

for this energy region indicate that pp is negative. We shall therefore assune
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¢), in Ref. I. With this wave function we find (r )
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the value -0.34 for pp. In the absence of K'n elastic scattering data we shall
allow‘ai and p tovbe adjﬁstable parameters.and fif Eq. (5.5) to the de "Kopp
data. In so doing we shall obtain estimates for ai and o, Having obtaiged these
we will be in a position‘tb predict ﬁhe diffefential and integrated cross sections
for the éharge ekchange reaction Kfn K p.

In ouf calculations we will use the deuteron wave function referred to as

1 4 b0 be 0.299 fermi™®

The observed angular distribution of the KO meson in the laboratory system
is shown in Fig. & fdr‘cos elab > 0.85. A least-squares fit to the logarithﬁ of
the measured aﬁgular‘distribution, uSing~Eqs; (5.5) and (5.6); is shown by the
solid curve in Fig. k. The.vaiue of aﬁ obtained from this fit is 2.66 (BeV/c)—Q.
This ié somevhat sﬁalier than the valuev5.l<(BeV/¢>—2 measuredl6'for Qi at the |
somewhat lower momentum of 1.96 BéV/c. The value of Py obtained from ﬁhis fit
is -0.76. .

To Illustrate the magnitude of the double écattering'correction in reac-:
tion (5.1) we have ca;culated (dc/dQ)ex with double scatﬁer;ng effects Aeglected.
Thg results, shown by the broken curvé in Fig. 4, indicate that double scéﬁter~

< 30°. TFor example,

ing effects are rather small within the angular region 6101

the effect of including double scattering is to decrease. the differential cross

section by approximately 0.2% near @ = T7°, where the intehsity is near its

lab

- maximum, and by approximately‘h% near elab = 30°. The effect of including double

scattering is to decrease the integrated charge exchange cross section by approxi-

fately 2%.
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The differential crdéé section (da/dn)ex for K'd charge exchange may
beAanalyzed ih terms of singlevscattering, interfereﬁcé between siﬁgle and
, double\scattéring, and pure double scattering. In Fig. 5 we show the angular
distributions of these three{éomponents of the differential cross section.
The contribution ariéing from the interference- -term is negative; the curve shown
corresponds to its abéolute value. The magnitude of thé interference term is
always considerably smaller than the single sqéttering term and for cos.Qlab < 0.9
has an angular distribution pather éimilar in form.to the singlg scattering term.

o

As ve have noted in Sec. III the pure ‘double scattering term gives the only non-

zero contribution in the forward direction. ‘Near cos elaﬁ = 0.995, however, the
other two terms each have become greater in magnitude than the double scattering
term. Nevertheless, at larger angles the double scattering term decreases less

IS

rapidly than the magnitudes of each of the'other two contributions, becomihg »

équal to the absOluteivalue of the interference term near c05~elab = 0.74. At
- still larger angles, i.e., ‘cos Qlab < 0.5, it seems possible that double scatter-

"ing may be the dominant mechanism of Charge exchange.
We may now use Eq: (5.3) to study the charge exchange reaction K+nv~>K p.
Using the value op = -0.76 we find that the ratio of the real part of the forward

+ : , :

K n charge exchange amplitude to its imaginary part, which we may write as
= Re £.(0)/1 o) I .

Py = Fe £,(0)/In £ (0) : . (5.11)

is -6.8 at 2.27 BeV/ec. This result is in contrast with the ratio for high-
19

-energy K—p_charge exchange which has a predominantly imaginary amplitude.
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' 0
The differential cross section for the reaction xn - K P is simply

o . 2
lap > 10° where ls(q)|<§ 1, the form |f_|

lfclg. Over the angular range 6
is very nearly the angular distribution for K+d ~>ﬁ?§p given without treating
double scattering effects and is therefore represented'by the broken curve in
fig. L. At smaller'angles the effects of the exclusion principle must be
accounted for and theiK+n charge ethange angular distributidn extrapolates to
_O° along the dotted curve. ‘We find a value of 5.7 mb/sr for fhelK+n —;Kpp

differential cross section in the forward direction. The integrated cross

section for K n charge exchange corresponding to the data over the interval ) v ._ o

1> cos elab-z 0.85 is calculated to be 1.54 mb. o e

' VI. EFFECT OF CHARGE EXCHANGE ON DEUTERON TOTAL,CROSS SECTTIONS

Recent meésurements have lent support to the conjecture. of Pbmeranchukg
that charge exchange cross sectioné vanish in the high energy limit. The neutron-
pfqton éhargé exchange crosé section, for example, has been measg;ed to be 0.65 mb
at 2.83 .'BeV/c2 _l'iand 0.0Sﬁb g 8 BeV/c-,es2 whereas the corresponding | neutron-proton total cross sections
are approximately U3 mb -and 41 mb;ll Additional evidence occurs, for example, in
measurements of‘the antiproion—froton charge exéhange cross éections which.yield
values of 5 mb atAl.Y BeV’/c25 and 0.28 mb at 9 BeV’/c,?)4 whereas the'cbrrespohding
antiproton-proton total cfoss.sections are approximately 96 mb ana 55 mb.25’26 It
is reasonable to expect, therefore, that the effect of charge exchange processes
on the total cross section of the deutefoh becomes‘negligibly small at very high
*  energies. We shall estimate the effect quantitétively in this section in order

to determine its bearing on a number of indirectly measured neutron cross sections.

'
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- Let us first consider the measurements made by Galbraith et al.2 using’
.+ .

incident beans of.protoné,lantiprOVOns and K mesons in the range from 6 to 22
BeV/c. Their measurements of deuteron éross sections were analyzed.by assuming
the ranges of the stropg interactioné to be small in comparison to the deﬁterqn
radius, ahd/by neglecting the real parts of the forward scattéfing.amplitudes.

The first of these assumptioﬁs‘leads to Eq. (3.15) for the cfbss section defect

and the second reduces it to the form

. . )] . ’
o LA 2 -2 v : :
&g = (1/km) {cncp - ‘“Z(Gn op) Je >y (6.1)
The term proportional to (Un-GP) is the charge exchange correction to the formula
used in the analysislbf the experiment.

Typical values of the neutron total cross sections, derived by Galbraith

et al.26 from their data without the charge exchange correctibn, are

o(pn) = k2.6 = i.? mb o(Pn) = 59.5 4.0 mb

o(K*p) =17.5¢ O.b mb o o(K'n) = 21.9 % 0.4 mb Y
at 6 BeV/c, ana . ’

o(pn) = 39.2 + 1.7 mb _ c(gn) = Wb+ 9.0 mb

o(ktn) = 17.6 £ 0.4 mb (K n) = 20.3 + 1.1 mb |

at 18 BeV/c.
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When the experimenta; data fof the eross'sections are reanalyzed by taking the
charge exchange correction in Egq. (6.1) inte account, we find that six of the
eight cross sections gquoted remain unaltered to three significant figures. The
two cross seetions which are changed are'c(K+h) at 6 BeV/c which is deereased to
17.4 mb and o(pn) at 18 BeV/c which is decfeased‘to 4h.3 mb. The cerrections
to the neutron cross sections due te charge exchange effects are generally
smaller than 0.1 mb in this momentﬁmﬂrange, and thus‘a good deal smaller than
the quoted errors of the measurements.
We consider next the proton;daﬁenniand protog—proton total cross section
-measureﬁents of Bugg et al.ll'betweenvl;l and 8 BeV/e. Since these measurements
were performed at a considerabiy lower range of incident momenta than those no?ed
earlier, their analysis was carried out different1y in two respecfe. The reel
parts of the neutroh andiproton forward scattering amplitudes were retained in
the formula for the cross section defect, and an attempt was made to correeﬁ’
for the effects of the internal motion of thé nucleons in the deeterpn, The
] detaiis ef the latter correction are given in Ref. 11. For our‘present ﬁur-
ﬁoses we need only use their values for the averages of the proton-proton and
~ proton- neutron total cross sections taken over the internal motion, which they
. have referred to as'"c(p—p)" and "c(p-n)" respectively. Typlcal valueo of "o(p- n)

11
which have beeh . reached without taking. account. of the charge exchange correction are

"o(p-n)" = 35.72 * 0.26 mb at 1.111 BeV/c

1l

42.255 £ 0,069 mb at 4.552 BeV/c

i

41.328 + 0.080 mb at 7.835 BeV/c
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By following the same procedure as is used in Ref. 11, but taking charge exchange
corrections into account by using Egq. (3;15) to represent the cross section

defect, we find the .altered cross sections

11

"o(p-n)" = 36.50 mb at 1.111 BeV/c

42.305 mb at 4.552 BeV/c

]

41.349 mb at 7.835 BeV/c.

Only at the lowest momentum does the change excéed the quoted experimental error.
The fact that the charge exéhange corrections tend to'increa;e the neutron

cross sections in these measurements rafhér than decreasing them very slightly, as

in the earlier discussion, is due to the fact that the real parts of the scétt¢r~

ing amplitudes have not been neglected in the analysis.  The charge exchange |

correction which is_prpportiohql‘to (pﬁan-ppcp)e in Eq. (3.15) dominate; the_oﬁe .

proportional to (Oh-cp)g_at,low-inéident momenta. -
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Figure Captions

1. Schematic representation of collision processes which contribute to
charge exchangé scattering by the deuéeron. The incident positively charged
particle is assumed to be.the 15 = 1/2 member of a charge doublet.

2. BSchenatic repreéenﬁation of collision processes which contribute to
scattering by the degteron with no net transfer of charge. The incident
particle is agaiﬁ the 15 = 1/2 member of a charge doublet. |

3. Differential cross.sections in the laboratory system for proton-
deuteron elastic scattering at 2.0 BeV as a function of the negative squared
four—momentum transfer, -t. The solid curve is the theoretical prediction,
using nuéleon—nucleon data, with all double collision pfocesses, including
double chargé exghange, taken into account. The dashed curve. is the theoreti-
cal prediction Qhen double charge exchange is omitted.” The broken cufvg

represents the contribution of single scattering processes alone. The

experimental points are from Refs. 5 and 1L. The shape of the interference

minimum which occurs near t = -0.33 (BeV/c)® is quite sensitive to the phases’

of the nucleon-nucleon scattering amplitudes which are not yet known accurately.
4. Differentia&.cross.sections in the laboratory system for K+d and K'n

charge exchange scattering at 2.27 BeV/c.asAa function of cos elab the cosine
of the KO scattering anglé? The data for K%d.~;KOpp'are from Ref. 6. The
solid curye is‘ca;culated for'K+d,—>KOpp with double scattering taken into

account. The broken curve is calculated for’K+d ~9Kopp.with double scattering

neglectéd'and coincides with the solid curve for cos elab 2-0.98. The dotted |

< 0.96, is the calcu-

curve, which coincides with the broken curve for cos Olab <

0
lated angular distribution for K'n - K p.
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Fig. 5. Angular distributions of the components of the K d charge exchange
intensity as a function of cos 8, ,. The incident'K*-meson laboratory
momentum is 2.27 BeV/c. The curve labelled A fepresents the singlé scat-
‘tering contribution and curve B the double scattering contribution. The

curve labelled C represents the contribution from the interference between

the single and double scattering processes; and is negative in sign.
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