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* HIGH-ENERGY DEUTERON CROSS SECTIONS: CHARGE EXCHANGE EFFECTS 

Victor Franco 

La~orrence Radiatt:m Laboratory 
University of California 

Berkeley, California 

and 

_ Roy J. Glauber 

Lyman Laboratory of' Physics 
Harvard University 

Cambridge, Massachusetts 

October 3, 1966 

ABSTRACT 

The effects of charge exchange in collisions of high-energy particles 

of isotopic spin! with deuterons are investigated. The diffraction approxi-

mation is used to express the deuteron charge exchange cross section in terms of 

the elastic scattering amplitudes of the neutron and proton and the deuteron 

ground state wave function. Examinations are also made of the influence of the 

charge exchange mechanism on the total cross section of the deuteron, the 

elastic differential cross section and the summed angular distribution of scat-

tering (elastic plus inelastic scattering with initial charges preserved). The 

important role played by double scattering processes in shaping the differential 

cross-sections of the deuteron is illustrated in a discussion of proton-deuteron 

elastic· scattering at 2 BeV. Double scattering is show-n to be the dominant 

collision mechanism at scattering angles which are not too close to the forward 

"* Supported in part by the U.S. At:::>mir:: Energy Commissi:::>n and by the U.S. Air 
Force Office of Scientific Research~ 
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• 
direction. The effect of the double charge exchange process on the elastic 

differential cross section is shown to be 'small but of some significance in 

the angular range vrhich ,is dominated by double scattering. The theory developed 
0 .. 

. for charge exchange reactions is applied to the ,K angular distribution which 
+ . 

has been observed from K -deuteron collisions at 2.27 BeV/c. Estimates are 

+ 
found for the differential and ~ntegrated K -neutron charge exchange cross 

sections, and for some related parameters. The effects of double collisions 

on these cross sections are relatively small and easily evaluated. The effect 

- ± 
of the charge exchange mechani'sm on the values of the pn, pn and K n total 

cross section which are reached indirectly via measurements on the deuteron 

is shown to be exceedingly small for momenta above -2 BeV/c. 
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I. IN'rRODUC'l'ION 

Since most varieties of elementary particles are both scarce and 

short-lived no direct method is ava-ilable for measuring their cross sections 

for collisions with neutrons. An alternative procedure 1-rhich has been widely 

applied at high energies involves measuring deuteron cross sections and sub-

tracting from them the m~asured cross sections of the free proton. It has 

been important in applying this method to recognize that the deuteron cross 

section may deviate appreciably from the sum of the free- neutron and proton 

cross sections. The principal source of thi.s deviation lies in double collision 

processes and shadowing effects to which the inc1dent particle is subject when 
,-,, 

passing through the two nucleon system. We have given a detailed discussion 

of these effects in an earlier paper
1 

in which we have assUmed that the charges 

of all particles remain fixed during the collisions. 

It is clear that double collision and shadowing e.ffects may play an 

analogous role in the determination of ~harge exchange cross sections of the 

neutron from the corresponding measurements made upon the deuteron. We shall 

therefore extend the analysis of the previous paper to include the effects of 

charge exchange. Since scattering takes place predominantly near the forward 

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 vell when the charge state of 

the incident particle is changed in the collision process. 

Charge exchange processes also have a certain bearing on ~euteron cross 

sections for collisions in which there is no net transfer of charge. 'l'his 
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effect, which has been noted by Wilkin,
2 

is due to a pair of successive col-

lisions in which two cancelling charge exchanges occur. For charge independent 

particle interactions the effect may be seen to depend quadratically on the 

difference of the\ elastic scattering amplitudes of the neutron and' proton. It 

tends therefore t:o be a small effect relative to the other cross section cor-

rections, as we shall show explicitly for the cases of incident nucleons, anti-
) 

nucleons and K-mesons. 

The kinds of collision processes which lead to charge exchange scattering 

by the deuteron are illustrated schematically in Fig. l for an incident positive 

particle which is the r
3 
~! member of a charge doublet. Only one type of 

single collision charge exchange process can take place, that shown by Fig. l(a), 

but two varieties of double collision processes may occur as shown by Figs. l(b) 

and (c). 3 All three processes lead to ide-ntical final states and are experimentally 

indistinguishablej the amplitudes they contribute add together coherently. In 

the place of the initial deuteron-the charge exchange process leaves either two 

protons or two neutrons, and the states accessible 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 inelastic in character. 

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

of charge are illustrated in Fig. 2. The charges of all particles remain fixed 

in the two single collision processes shown in Figs. 2(a), (b) and the two double 

collision p'rocesses 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. 'l'he amplitudes 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 independent scattering amplitudes in Sec. II and express them j_n 
( 

'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 too close ro the forward direction is contributed predominantly 

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

4 
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 direct evidence for the 

detection of double collision processes. 

In Sec. V we illustrate t·he way in which our results can be used to 

. +' 0 
analyze charge exchange processes by considering the reaction K + d~K + p + p. 

+ 
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 exchange scattering 

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

protons) antiprotons) and K-mesons. 
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II. FORI-rLJLATIG; OF CROSS SECTIONS 

The high-energy approximaticr. technique we use permits us to express 

the amplitudes and cross sections fo:c vs.rious kinds of scattering by the 

deuteron directly in terms of the icli vidual amplitudes for scattering by 

the neutron and proton. We shs.ll assume that the particles of the incident 

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

may thus be nucleons, ant inucle::ms, K-mesons, etc. ·We shall furthermore assume, 

for simplicity, that all of the _interactions considered are preci_sely charge 

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

in detail in R~f. I). 

In the experiments we are considering,incident particles of either of 

two charge states ( r
3 

= ±-}) collide ;.ri th neutrons and protons. The scattering 

amplitudes which describe E;Uch collisions may be dealt with most compactly by 

defining an isotopic spin dependent scattering amplitude operator. Wi.th the 

asswnptions noted earlier we may write the amplitude operator for scattering 

by a nucleon labelled by the index 1, in the general form 

+ T- -r g( a) 
--1 ,;;. ' J (2.1) 

where n~ is the momentwn transferred to the target nucleon, and l_and ll are 

the isotopic spin operators for the incident particle and target nucleon re-
/ 

spe~tively. We shall always take the functions f and g to have the values 

characteri.stic of the laboratory system, which is the initial rest frame of 

the nucleon. 

i 
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If we take the initial state of the incident particle and deuteron to 

,.. be I i) and the final state to be I f), we may write the corresponding amplitude 

for scattering by the deuterons as Ff· .(q). In the diffraction-type approxi-
1 Yh 

I ' 

mat ion which we us'e the amplitude. F . ( q) may be regarded as the matrix element · 
fl-

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

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

(2.2) 

where the indices 1: and 2 label the two nucleons of the deuteron and r is the --
internal-coordinate of the deuteron, !:; = r1 - ~· The operator F which we re­

quire is an immediate generalization of the one derived in Ref. I, Eq. (3.6) 

rfor the case in which charge exchange is neglected. The only change necessary 

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

operators rather than c. -numbers. · Since a
1 

and a2 do not commute in general 

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

double scattering. To express the operator F m8st 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 s be the component of r in the plane perpendicular to .... 
~· The operator F is then given by 

(2. 3) 
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in which the integral over J2~· is an integration over the plane of m::Jmentwn 

transfers perpendicular to ~) and the functions e±(z) are defined by 

e ( z) 

for 
for 

z > 0 
z < 0 

I 

( 2. L~) 

The first two terms of F_describe single scattering processes by each 

of the two nucleons. The third term describes the effect of double interactipns. 

Since our basic approximation assumes that scattering processes take place pre-

dominantly through small angles, the order iri which the two interactions tal~e 

place is determined by the instantaneous configuration of the deuteron. For 

z > 0 the incident particle must first strike nucleon 2 and then l. This re.:. 

quirement explains the presence of the function e+(z) in the double scattering 

term of Eq. (2.3). The function e_(z) plays a corresponding role for the reverse 

ordering. 

An alternative way of writing the ordered operator product which occurs 

in Eq. (2.3) is based on the identity 

~[l ± E(z)] 

where 

E(z) z/ I z I (2.6) 

By substituting the identity in Eq. (2.3) we see that the double scattering term 

may also be expressed as 
'i 
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_l_fei3_ 1 ·~1:_[{a (~q+q 1 ), a (~q-q 1 )\ + [a.1 (~~+~ 1 ), 
27Tk . 2 1 - - 2 w. - 'j - -

UCRL-17142 

(2.7) 

'"ll in which the brackets [,] designate the corrunutator and (,} the anticom.rnutator. 7 

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

writing it in the form 

F(~, t' l' ~' ~) =A(~,~) + B1(~,~)l·l1 + B2(~,~)l·~ + C~~,~)[l2.!1 

+ i -r • ( ll X ~) E( z ) ] 

where the functions A, B1, B2 and C are defined as 

. A(n,~) ·= 2f(a)cos.(-21 a·~) + _2_fexp(iq 1 ·s)f(l-q+q 1 )f(lq-q' 1 )d(
2

)q 1 

.... - .... "" -· 27Tk -. - 2- - 2-. - -
j 

B
2( a,~.= g( a )exp(-i-2

1 g_· s_) + :J:__Jex;( iq 1 
• s )f( lq+q 1 )g( lq-q 1 )d( 2

) q1 

.... - .... ·~ 27Tk - - 2,_ - 2- - -

= Bl(q,-s) - -
= .J:_Jexp( iq 1 

• s )g.( ~a+a 1 )g( ~a-q 1 )d ( 2 ) a 1 

27Tk - - .... .... "" - -A . . 

The amplitude for elastic scattering by the deuteron is obtained by 

finding the diagonal matrix element of the operator Fin the state li). For 

(2.8) 

(2 .10) ' 

(2.11) 

(2.12) 

this purpose let us write the deuteron ground state wave function as ¢(r) and -
introduce the deuteron form factor S(q) which is defined as -
s(~) f iq·r 

= e ._- I¢C~) 12 
dr (2.13) 

= s( -q) -
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Since the deuteron ground state is an isotopic singlet state the diagonal matrix 

element of F eviqently reduces t::J 
.. 
I 

F .. (q) = (iJ A - 3CJi) 
11. -

(2.14) 

which may be written m::Jre explicitly as 

F .. (a)= 2f(q)S(~a) + 
2
ikfs(q')h(q,q')d(

2
)q' 

11 w. . ....... ..a. 7T ...... ...... ...... -
(2.15) 

where h(SJ~') is the function 

(2.16) 

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

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

(2.17) 

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

total cross sections, a and a , is given similarly by . n p . 

l(cr + a ) = k4rr Im f(O) 
2 n p 

(2 .18) 

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

CJ = CJ + CJ 
d n p 

ocr (2.19) 

.where the cross section defect ocr is given by 
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ocr - - (2.20) 

We shall look further into the structure of this term in Sec. III. 

The differential cross section for elastic scattering is obtained by 

squaiing the modulus of F .. ( q). In thi·s way we find 
11 - ,.,,:•, 

(2.21) 

The total angular. distribution of scattering, which includes inelasti-

'cally scattered particles as well as elasti~ally scattered ones, can be found 

by summing 1Ff.(q)l
2 

over a complete set of possible final states f. Si'nce the 
1 -

final states f include all possible charge states of the particies considered, 

the. angular distribution we find in .. this way is the sum of the differential 

cross section for charge exchange scattering,(dcr/dD) ,and the differential· ex 

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

( dcr/dD) + ( dcr/dD) ex · sc (2.22) 

If we substitute the form (2.8) for F(q) in this expression and evaluate the -
expectation values of the isotopic spin operators which occur in it, we find 

(dcr/dD) + (dcr/QQ) ex sc 

I 
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To separate the contributions of the charge exchange and charge re-

tention scattering we must consider the corresponding varieties of fin3.l states 

·separately. The deuteron is initially in an isotopic singlet state and there-

fore the third component of its isotopic spin r
3 

= !(,13 + , 23 ), has initially 

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

with the two nucleons their final value of I
3 

must be ±1. A projection operator 

corresponding to those states with I = ±1 is clearly 
3 

(2.24) 

Hence the differential cross section for charge exchange scattering alone is 

( da/ dn) 
ex (2.25) 

(2.26) 

By subtracting these equations from· Eqs. (2.22) and (2.23) we find the dif-

ferential cross section for charge retention scattering 

(da/dn) 
sc (2.27) 

(2. 28 ). 

When we express the charge exchange angular distribution in term!3 ·of 

·the scattering amplitudes f and g by means of Eqs. (2.10-12) and (2.13) ve find 
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(do/cilt) ex 
(2.29) 

2 J - f [ . * ' * 1 (2) (2) · + S(9,'-a') j(q,a')j (q,a")+m(a,q')m (q,q")'d o'd a" 
(21rk)2 .;a. - .;a. - ~ ~ - ..... - J . ~ ~ 

where we have written 

(2.30) 

and 

, m(g_,g_') 2g( !s_+s_' )g( ~s_-s_') (2.31) 

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-parLty orbital state. Charge ex-

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

can not take place in collisions with zero momentum transfer. This conclusion 

is not altered by the introduction of spin variables since the only bound. 

state of the two-nucleon system is the deuteron ground state. 

· Xhe first term of the charge,exchange angtilar disttibution (2.29) clearly 

vanishes as Sl.. --7 0 since S( 0) = l. Furthermore two of the remaining terms also 

vanish in the forward direction since j(O,q') = 0. __ The double scattering term -' - * . 
which contains the functi::Jn m(q,q')m (q,q"), however, does not vanish for 

...... """" .._...... ........ 

~ = 0, and the cross section (dcr/dn) therefore does take on a non-vanishing 
ex. . 

value in the forward direction. The appa:rent contradiction between this state-

ment and the requirement of the exclusion principle is easily resolved. 

I 
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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/\zJ 

vanishes in the ground state of the deuteron it is clear that this term con-

tributes only to inelastic scattering; in particular the momentum transferred 

to the deuteron must have a langi tudinal component if the matrix e'lement for 

scattering is not to vanish. The approximations ~'e have made in summing over 

final states, an the other hand, have assumed the energy transfer to be negli..,. 

gi ble and have thus: omitted the longitudinal component of the momentum trans-

fer. The charge exchange scattering which is described as having q == 0 is -
therefore scattering in the forward direction which is slightly inelastic, the , 

transverse component of its momentum transfer vanishes but a small longitudinal 

component remains. 

The differential cross section (dcr/dD) is the sum of the intensities sc 

of both elastically and inelastically scattered particles which retain their 

original charge state. We may use Eqs. (2.9-12) and (2.13) to write Eq. (2.28) 

in the form 

-
2

k rm[g*(<a)rs(~q-q')j(q,q')d( 2 )q']+ l 2Js(q'-q")rh(q,q')h*(q,q") 
7T ~ ' - - ~ - - ( 2nk) - - L - - - -

(2.32) 

\J 

,. 
-.. 
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The angular distribution >-ihich corresponds to inelastic· scatteri.ng 1-ri th charge 

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

(2.33) 

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

The "diffraction approximation, as we have noted earlier, assumes that 

·. 8 
all scattered intensities are heavily concentrated near the forward direction. 

To find the integrated cross section it is therefore sufficiently accurate to 

replace the differential element of solid angle df2 by the nearly equivalent eJe­

ment d( 2 ) 9)k
2 

and to integrate over a plane in momentwn space perpendicular to 

. . . 
the incident momentum r~. He may then write 

d
(2) 

9-

and similar expressions hold for the integrated cross section for scattering 

and dissoci~tion. The absorption cross section,,which is the cross section for 

all incoherent processes including particle production, is 

a 
abs ad - a ex 

a 
sc 

(2.35) 
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III. CROSS SECTIONS IN TERMS OF NEUTRON Al\TD PROTON SCAT'l'ERING A.HPLI'l'UDES 

In order to compare the cross sections we ha\ie derived l·ri th experi-

mental results it is convenient to express them in terms of the experimentally 

measured amplitudes for scattering by neutrons and protons. Let us assume for 

definiteness that the incident particle has the charge state I = ~- Then no 
3 

charge exchange can take place when the particle is scattered by a proton. 

The amplitude for elastic scat~ering by the proton) according to Eq. (2.1)) is 

f ( q) 
p -

f( S&)+g(s_) (3.1) 

The wave scattered by the neutronJon the other hand1 contains a charge exchanged 

I
3 

= -~ component as well as one for I
3 

= ~· To separate these components we 

may introduce the charge exchange operator 

• 1" ) 
-l 

and use it to write the scattering amplitude operator a 1(s_) of Eq. (2.1) in 

the form 

f( s_) -g( g)+2g(g)P l (3.3) 

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

neutron vr:i.thout alterati::m of charge states is 

•. 

.... 
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f ( q) 
n -

(3. 4) 

while the charge exchange amplitude is 

(3.5) 

If the incident particle has r.
3 

= -~ the same charge exchange amplitude is 

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

' are interchanged in the elastic scattering amplitudes (3 .1) and (3. 4). 

The amplitudes f and g -vrhich i-re have used to construct the cross sections 

are therefore related to the directly observable amplitudes f J f and f via 
p n c 

the three equations 

f(i) ~ ~[fp(i) + fn(i)] (3. 6) 

1 
- 13 2 

. g(i) = ~(-1) [f ( q) - f ( q)] (3.7) 
p- n .... 

g(~) = lr (q) 
2 c .... (3.8) 

The possibility of finding the amplitude g in two waysJ either through direct. 

measurement of the charge exchange amplitude or by taking the difference of the 

proton and neutron elastic amplitudes) leads to a variety of useful vays of 

expressing our results. 
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We may, for example, write the cross section defect of' the deuter::m, 

given by Eqs. (2.19) and (2.20L in terms of the observable amplitudes in the 

2 
form 

ocr g___ RefscqH-[r (q)f (-q)+f (q)f (-q)-r c q )f (-q)Jd(
2

)q 
k2 J' - p - n - n ._ p - c - c -- .... 

(3.9) 

The three terms of this expression correspond to 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 
\ 

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

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

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

The sign of the douhle charge exchange term, which is the-term disregarded in 

the analysis of Ref. I, is negative since it corresponds to the exchange of two 

nucleons in an antisymmetric state. 

We may alternatively write the cross section defect completely in terms 

of the scattering amplitude for charge preserving processes. If we note that 

these amplitudes can only depend on the magnitude, and not on the sign of ~we 

may write· 

ocr=- 2
2 Refs(q)[2f (q)f (q)- ~-f 2

(q)- ~-fn2 (9-)]d( 2 )3. 
k J n p p --

(3.10) 

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 

·-
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amplitudes f ( q) and f ( q) will tend to decrease in magnitude more slm.rly with 
P n 

increasing q than the deuteron form factor S(q). The integral in Eq. (3.10) 

may then be approximated by evaluating the s·cattering amplitudes at q = 0. 

The integral of the form factor which remains is seen to be 

(3.11) 

where (r-2
)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 

ocr -(47T/k
2

) Re{f (O)f (OH·[f (o)Cf (0)]
2

} (r-2)d (3.12) · n p n p 

If we make use of the optical theorem in the form 

4-rr Im f. (0) i n,p (3.13) cr. =-
l k l 

where cr and cr are total cross sections and define the ratios 
n p 

i = n,p 

of the real and imaginary parts of the scattering amplitudes, we may write the 

expression (3.12) in the form 
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If the scattering amplitudes are purely imaginary (pn = pp ,;, 0) the effect of 

the double charge exchange correction .is.always to decrease the cross section 

defect, i.e. to increase the 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 comparisons of cross sections requires some caution. 

In particular when the incident particles are nucleons or antinucleons the 

force range is not particularly small compared \-rith the radius of the deuteron 

-2 _1.. 
or the dimension ( ( r ) d} 2 • For such cases, as we have noted in Ref. I, Sec. 

IV, the cross section defect can only be estimated accurately by returning to 

more ger,eral expressions for it, such as that in Eq. (3.10), and approximating 

the required integrals more closely. 

The angular distribution of elastic scattering may be written in terms 
I 

of the neutron and proton scattering amplitudes 9Y substituting Eqs. (3.6-8) 

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

1 [ * * ,( . . .. 
- -k S(~q)Im f (q)+f (q)Jij'S(q')~[f (%q+q')f (~q-q')+f (%q+q)f (~q-q') 

7T n p · . .- ._ p .... ... n .... - · n - - p -.... -

(3.16) 

+ 
1 Js(q').L[f (.Lq+q')f(.J;{l-q')+f (.Lq+q')f (.Lq-q') 

( )
2 _. 2 p 2_ _ n 2_ .... n 2 .... _ p 2..., _ 

27Tk . 

- r c Cts.+g_' )r /:!-g_-g_' l]dc 2 ) s.t 

•. 



.. 
-19- UCRL-17142 

,< The first term of this expression repfesents the effects of single scattering 

processes. Within it we see the squared ~~plitudes of the waves.scattered 
·~ 

individually by the neutron and proton and the interferenc~ term for these 

amplitudes. The last term is the squared amplitude for double c::Jllisic.n pro-

cesses. The two charge preserving processes of the type illustrated in Fig. 2 

(c) and (d), and the double charge exchange process illustrated in Fig. 2(e) 

all contribute coherently to the double collision amplitude. The middle term 

of the expression (3.16) represents the interference of the amplitudes for 

single and double coliision processes. 

We may express the differential cross section for charge exchange 

collisions in terms of the neutron and proton scattering amplitudes by sub-

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

( do/dfl) ex 
(3.17) 

where we have written 

(3.18) 

and 
' ,~· 

m(s.,g_') = ~ f (~q+q' )f (~q-q') c ....,.. """"'' c ...,.. ...,.,.. 
' (3.19) 

1 I { \ 
2- ' . 

- -t{-1) 3 f (~a+q')[r (~q~.q'}-f (~q-q'~-1-f (-2,-c-c,')fr (-t-q+c')-f. (-J,q+o•)/. 
c .P- _p .... -... n "y.. -. j c ·-""' ""' L p '· .... v.. n '- ..-. ~- Jj 
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The first term of the expression (3.17) represents the effect of charge 

exchange in single collisions su~h as the one illustrated in Fig. l(a). The 

last term of the cross section represents the squared amplitude for double col-

lision processes in which a single charge exchange takes place. Tvro different 

pairs of collision processes contribute coherently to this term. If the inci-

dent particle has 1
3 

= ~ the process illustrated in Fig. l(b), in which the 

proton is struck before the neutron,coritributes terms containing the product 

f f . The process in which the neutron is struck first on the other hand, as 
c p 

in Fig. l(c), contributes a different product of scattering amplitudes. The 

charge exchange collision with the neutron is again represented by the amplitude 

fc' but when the 1
3 

= -~ particle which results collides subsequently with the 

proton, its amplitude- for elastic scattering by the proton may be seen through 

charge reflection to be equal to f . The process shown in Fig. l(c) thus con­
n 

tributes terms containing the product f · f . The middle term of Eq. (3.17) 
c n 

represents the interference of the amplitudes for the single collision and 

double collision charge exchange processes. 

The scattering cross section ( dcr/ d.\2) has been defined as the swmned sc 

angular distribution of particles scattered both elastically and inelastically 

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

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

( dcr/ dli) sc If (q)l +If (o)l + 2S(q)Re f (q)f (q) 2 2 [ * ] 
n p - n p 

l 
7Tk 

1 J r * -l<· + 2 S(q'-q")lh(q,q')h (q,q")+.j(q,q'),j (q_.q") 
( 27Tk) ' - - - - - - - .,.. - ,_ 

(3.20) 

lo' 
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where vre have made use of the definitions (3.18,19) for j(q,q') and m(q,q') 
"""""""" ....... -· 

and have also written 

(3.21) 

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

scattering processes a~ the cor~esponding terms of the elastic cross section 

given by Eq. (3.16). 

IV. DOUBLE SCATTERING IN PROTON-DEUTERON COLLISIONS 

'We shall illustrate the results of some of the foregoing calculations 

by considering high energy elastic scattering of protons by deuterons. Before 

discussing the specific effect of the double ~harge exchange process, however, 

it will be interesting ~6 discuss in somewhat more general terms the.overall 

effect of double collision processes. 

The differential cross section for elastic scattering, as we have in-

dicated in connection with Eqs. (2.21) and (3.16) contains three types of 

contributions. There are the terms connected with pure single scattering pro-

cesses, those C!onnected with pure double scattering processes, and the ones 

arising from the interference of single and double scatterings. For the case 

of proton-deuteron scattering, the angular distributL:m contributed by .the 

single scattering terms alone tends to decrease quite rapidly from its value 
~ . .. near the forward direction as the angle o;f scattering increases. The pure 

double scattering contribution is, of·co~rse, much smaller in rr~gnitude near 

the forward direction, but it falls away from this value considerably more 
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slowly as the scattering angle increases. 1-lhile double sc.:attering is relatively 

unimportant at small angles, therefore, its contribution becomes the dominant 

one for larger scattering angles. The angle which separates \-rhat vre may call 

the single scattering and d:mble scattering regions is roughly 13° for p-d 

scattering at 2 BeV. 

The magnitude of the term contributed.by the interference of single and 

double scattering tends naturally to be intermediate between the magnitude of 

the pure single and double scattering terms., The importance of this term 

relative to the entire scattered intensity therefore tends to be greatest in 

the region of transition which separates the single and double scattering regions. 

The sign of the inter~erence term sigtiificantly effects the shape of the dif-

ferential cross section in this intermediate region. Let us recall that the 

amplitudes for high-energy elastic nucleon-proton scattering have been shown9 

to be predominantly imaginary near the forward direction, and that the charge 

exchange amplitudes are relatively small i.n magnitude. ·Then we may see from 

Eq. (3.16) that the sign of the interfere?ce term tends to be negative at small 

10 
angles. The destructive character of the interfei·ence term means that the 

single and double scattering regions tend to be separated by a dip in the 

elastic scattering cross section. The different behavior of the three contri-

butions to elastic scattering and the dominance of double scattering at the 

larger gngles are illustrated for antiproton-deuteron scattering in Figs~ 3 and 

5 of Ref. I, in which these properties 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 exchange amplitude f ( q) which occurs in the express ion 
c 
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may be written in terms of the pp and pn elastic scattering amplitudes, 

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

f (q) ::: f (q) - f (q) 
c- p- n- (4.1) 

Following n::Jtaticm used elsewhere, we shall write the square of the four-momen-

- . 2 
In the region 0.::- t '5 1.5(BeV/c) , tum transferred in a collision as t. 

which will concern us mostj the nucleon~nucleon scattering amplitudes which 

have been meFJ.sured are fairly with represented by expressions of the form 

. kt + l.bt2 
f . = ( i +p . )( ka ./ l¥rr )e 2 2 

J J J 
j .. n,p (4.2) 

where d~ is the proton-nucleon cross section and p. is the ratio of the real 
J J 

part of the proton-nucleon forward scattE:ring amplitude to its imaginary part. 

Within the range of momentum transfers mentioned earlier, the magnitude of the 

amplitudes f. decreases quite rapidly as the negative squared four-momentum 
J 

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

the magnitudes of the f. will begin to increase without bound at some larger' 
J 

value of -t. Such unphysical behavior of the functions (1~.2) must be excluded 

from the integrations over all momentum transfers 3. which occur in Eq. (3.16). 

2 2 
Since collisions in which the arguments (!~±~') exceed 2(BeV/hc) may be shown 

to contribute negligibly to the integrals, we have applied a cut-off to the 

. 2 2 -2 
functions f. ( q) at q = 2( BeV /nc) == -t0t1 · 

J -
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By making use of the.truncated forms of the amplitudes f. and intro-
. J 

ducing units ln Hhich n == 1, "'<Te may Hrite the elastic differential cross 

section given by Eq. (3.16) in the for~ 

l (kjl+n)s(~ r-t)e~at + ~bt2 [(i+p )a +(i+p )cr J · 
n n p p 

2 ;(X) 2 
+ iDk

3 
eat/4 + bt /16Jo s( W)e-at' + bt' - btt'dt' 

l6n 

(4.3) 

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

constant D is given by 

D == a a ({+p )(i+p )- ~[a (i+p 1-a (i+p )]
2 

n p n p n n' p p (4.4) 

The effect of the double charge exchange process is felt entirely through the 

second term of this expression. If charge exchange Here neglected the constant 

D would reduce to a a (i+p )(i+p ) . 
n p n p 

The parameters a, p , a and b which occur in the amplitudes f. have 
p p J 

. ll-13 
been found from proton-proton scattering measurements to have the approxi.-

mate values 45.1mb, -0.12, 7.62(BeV/c)-
2 

and l.88(BeV/c)-
4 

respectively at the 

laboratory energy of 2 BeV. The parameters a and p have been obtained in-
n n 

11,14 ~ . J directly from pp and pd measurements · 1-1h1ch have y1elded the values -1-3.0 mb 

and 0.20, respectively. The deuteron form factor S has been obtained analytically 
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from the ground state waye function referred to as cp 4 in Ref. I 7 Eq. ( !+. 23). 15 

The elastic differential cross.section for p-d scattering to which 

. 4 
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 1 the rapid dropoff in the single scattering regj.::m 7 

i.e. at small angles 7 the interference dip at intermediate angles and the much 

slower rate of decrease at larger angles. The values of the cross section 
14 . 

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 
. 5 

et al. lie at much larger momentum transfers 7 but seven of the eight measured 

points ag~in 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. While this contribution might be adjusted 

through parameter changes to fit the measurements at small momentum transfers 7 

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 7 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 7 as 

shown in Ref. 47 differential cross sections which are quantitatively fairly 

similar to the solid curve of Fig. 3. As an additional example 7 we have in-

vestigated the influence on the cross section of a hard core in the neutr6n-
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proton interaction. We find.that while the presence of a hard core may increase 

the deuteron form factor and raise the contribution of single scattering in 

the angular region we have considered, this contribution still drops off much 

too rapidly to approximate the scattering observed at the larger angles. At 

2 2 
t = -0.88 (BeV/c) and at t = -1.54 (BeV/c) , for example, the single scattering 

contribution for·a hard core potential yields cross sections which are smaller 

than those observed 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 exchange scattering which is im-

plicit in the amplitudes f. 
J 

is rather crude, it is adequate to establish the 

magnitude of the double charge exchange contribution to elastic scattering. 

We have shovm as the dotted curve in Fig. 3, the differential cross section 

obtained by dropping the charge exchange term in the constant D given by 

Eq. (4.4). The double charge exchange contribution evi~ently does not alter 

the shape of the differential cross section materially and, relative to the 

single scattering contribution is quite insignificant in magnitude for small 

momentum transfers. In the double scattering region, however, it does raise 

the cross section perceptibly. It increases the double scattering cross 

2 
section by about 12% near the secondary maximum at -t ~ 0.6 (BeV/c) . 

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 highly desirable as a check of the 
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theory and of the parameters 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 amplitudes . Variation of pp and pn within 

. · 12,14 
the quoted experimental errors are found to change the value of the 

cross section at the minimum by an order of magnitude or.more without changing 

it appreciably in the ot~er ranges of t. It is evident that the curve shown 

in Fig. 3 gives at best only a qualitative indication of the behavior of the 

cross section within the interference region. Observation of the shape of 

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

information about the phases of the nucleon-nucleon scattering amplitudes . 

... 



-28- U CRL-1 '71 1+2 

V .. K+ -DEUTERON CHARGE EXCHANGE COLLISIONS 

We shall apply our description of deuteron charge exchange processes to 

the reaction 

(5.1) 

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

charge-exchange reaction 

(5.2) 

may be estimated from observations of the reaction (5.1) 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 scattering. 

The differential cross section for the reaction (5.1) may be expressed 

in terms of the K+ p and K+ n elastic scattering ar;lplitudes, f and f , by means 
p n 

of Eq. (3 .17). The charge-exchange amplitude f in this expression is related 
c 

to f and f by Eqs. (3.7) and (3.8) which may be written as p n . 

f 
c 

f - f 
p n (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 slo<;ly 
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with increasing momentum transfer than does the deuteron form factor: To 

state this.relationship in different terms_, the r.m.s. radius of. the K+p 

interaction near 2 ·BeV/c, as estimated from the K+ p. elastic scattering angu.lar 

16 
distribution, is approximately 0. 5 fermi, which is appreciably smaller t11an 

average radius of the deuteron. We are evidently justified, therefore, in 
. r 

making use o:t: the approximation already mentioned in connection. with the deriva­

tion of Eq. (3 .i2). It corresponds to replacing s(g) in the integrals in Eq. 

(3 .17) by 

's' a) . '~ "--

where o(2 )(q) is a two-dimensional delta function in the momentQ~ transfer -
variable. In this way we 'reduce the expression for the, charge' exchange cross 

· section to the. form 

(5.5) 

-2 ' . '• 
(r ) dJ [ · . · · . · · · 2 

+ 2 · . If <t.SJ.+.SJ.')f Ctq-q~) -f (iq+q')f (tq-q')l 
47Tk ... . P n ":" - n - - . p . - ""' . 



-30-

The error of the approximation (5.4) may be estimated, by using a Gaussian form 

factor, to be less than 0. 3% for tlle integrated cross section for the reaction 
G' 

(5.1) at 2 .. 27 BeV/c. 

We shall assunJ.e that the K+ -nucleon elastic scatterj_ng amplitude has the 

form 

f. (q) 
J 

:1 2 2 
(kcr ./4TI) (i +p.) e -~j q 

.J J 
j=n,p (5.6) 

at small angles, where a. is the·K+-j total cross section and p. is· the ratio of 
J . . . J 

the real part of the forward K+-j elastic scattering amplitude to i.ts imaginary 

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

ing data. The integral in Eq. (5.5) may then be evaluated analytically and the 

differential cross section may be expressed in terms of s(g.) and Gaussian 

functions of q. 

We shall consider the K+d charge exchange reaction K+ d 
0 

-7 K pp at 2.27 

BeV/c i-lhere measurements have been made by Butterworth et al. 
6 

In order to 

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

Val f a a rv
2 

rv
2 d h" h d t t . the K+ -nucleon ues o p' n' ~p' ~n,pp' an pn w 1c are use o parame er1ze 

scattering amplitudes (5.6). + 17 The K p total cross section has been measured to 

+ + + be 17.3 mb, and the K n total cross section has been deduced from K p and K d 

measurements 17 to be 18·.5 mb. A measurement of a2 
has beeh p 

16 . 
et al. at 1.96 BeV/c and yields the value 3.1 (BeV/c)-

2
. 

made by Chinm;sky 

The magnitude of p . p 
16 

has been measured to be 0.34 at l. 96 BeV/c, and theoretical calculations18 

for this energy region indicate that pp is negative. We shall therefore assume 
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the value -0.34 for p . In the absence of K+n elastic scattering data we shall 
p 

allow ex~ and pn to be adjustable parameters and fit Eq. (5.5) to the K+d -7K
0
pp 

data. 
2 

In so doing we shall obtain estimates for ex and p • 
n n 

Having obtained these 

we will be in a position to predict the differential and integrated cross sections 

+ 0 for the charge exchange reaction K. n --7 K p. 

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

¢ 4 in Ref. I .
15 

With this wave function we find 
-2 -2 

(r )d to be 0.299 fermi . 

0 
The observed angular distribution of the K meson in the laboratory s;'y'Gtem 

is shown in Fig. 4 for cos Blab 2 0.85. A least-squar,es fit to the logarithm of 

the measured angular distribution, using Eqs. (5.5) and (5.6), is shovm by the 

2 -2 
solid curve in Fig. 4. The value of ex obtained from this fit is 2.66 (BeV/c) . 

n 

This is somev1hat smaller than the value 3.1 (BeV/cr
2 

measured
16 

for ex~ at the 

somewhat lower momentQ~ of 1.96 BeV/c. The value of p obtained from this nt . n .. 

is -0.76. 

To fllustrate the magnitude of the double scattering correction in reac-

tion (5.1) we have calculated (dcr/Cill) with double scattering effects neglected. · ex 

The :results, shown by the broken curve in Fig. 4, indicate that double scatter-

ing effects are rather small within the angular region elab ;5 30°. For example, 

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

section by approximately 0.2% near elab = 7o, where the intensity is near its 

maximQ~, and by approximately 4% near elab == 30°. The effect of including double 

scattering is to decrease the i.ntegrated charge exchange cross ·section by approxi-

fiiately 2% . 
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The differential cross section (dcr/d.\1) ex 
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+ . 
for K d charge exchange ~ay 

be analyzed in ter~s of singl:e scattering, i.nterference bet>Veen single and 

double, scattering, and pure double scattering. In Fig. 5 we shO"I.J the angular 

distributions of these three co~ponents of the differential cross section. 

The contribution arising from the interference· term is negative; the curve shmm 

corresponds to its absolute value. The ~agnitude of the interference term is 

always considerably s~aller than the single scattering term and for cos Slab :5 0.9 

has an angular distrib1ition rather si~ilar in for~ to the single scattering ter~. 

As ~I.e have noted in Sec. III the pure double scattering ter~ gives the only non-

zero contribution in the forward direction. Near cos Slab = 0.995, however, the 

other two ter~s each have become greater in magnitude than the double scattering 

term. Nevertheiess, at larger angles the double scattering term decreases less 

rapidly than the magnitudes of each of the other two contributjons, becoming 

Using the value p = -0.76 we find that the ratio of the real part of the fon>~ard 
n 

+ K n charge exchange amplitude to its imaginary part, which we may write as 

p Re f. (o)/Im f (o) 
ex c c 

(5.11) 

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

energy K-p charge exchanc;e which has a predominantly imaginary amplitude. 19 

• 
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The differential cross section for the reaction K+ n -., K
0

p is simply 

lfc!
2

. Over the angular range Olab 2: lOo, 

is very nearly the angular distribution for 

where ls(q) I<< 1, the form jf 12 
c 

+ 0 K d -.,K pp given without treating 

double scattering effects and is therefore represented by the _,broken curve in 

Fig. 4. At smaller angles the effects of the exclusion principle must be 

+ 
a·ccounted for and the K n charge exchange angular distribution extrapolates to 

0 
0° along the dotted curve. We find a value of 5.7 mb/sr for the K+n -.,K p 

differential cross section in the forward direction. The integrated cross 

+ . 
section for K n charge exchange corresponding to the data over the interval 

1 > cos elab? 0.85 is calculated to be 1.54 mb . 

. VI. EFFECr OF CHARGE EXCHANGE ON DEUTERON TOTAL CROSS SEcriONS 

20' 
Recent measurements have lent support to the conjecture of Pomeranchuk 

that charge exchange cross sections vanish in the high energy limit. The neutron-

proton charge exchange cross section, for.example, has been measured to be 0.65 rnb 

8 r/21 . , . · 8 rl. 22 · . . a,t 2. 3 Be\'lc ·and O.Oonb at BeV;c, . whereas tre correspondmg neutron-proton total crc:Bs sectlons 

·u 
are approximately 43 mb and 41 mb. Additional evidence occurs, for example, in 

measurements of the antiproton-proton charge exchange cross sections which yield 

23 24 . 
values of 5mb at 1.7 BeV/c and 0.28 mb at 9 BeV/c, whereas the corresponding. . ' 

antiproton-proton total cross sections are approximately 96mb and 55 mb. 25 , 26 It 

is reasonable to expect, therefore,· that the effect of charge exchange processes 

on the total cross section of the deuteron becomes negligibly small at very high 

~·· .energies. ~1e shall estin1ate tl1e effect quantitatively in this section in ord.er 

to determine its bearing on a nu.'11.ber of indirectly measured neutron cross sections. 

· ... . . 

-·,,·. 
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26 
Let us first consider the :neasuremen'ts made by Galbraith et al. using· 

·± 
incident beams of protons, antiprotons and K mesons in the range from 6 to 22 

BeV /c. Their measurements of deuteron cr8ss sections 1-1ere analyzed by assumj_ng 

the ranges of the strong interactions to be small in comparison to the deuteron 

radi'us, and by neglecting the real parts of the forwat·d scattering ampJi tudes. 

The first of these asswnptions ·leads to Eq_. (3 .15) for the cross section defect 

and the second reduces it to the.form 

oa (l/4n) [a a -
n p 

1 } 2 -2 
2Ccr -a ) }<r >d n p 

(6.1) 

. 2 
The term proportional to (a -a ) is the charge exchange correction to the formula 

n p ' 

used in the analysis of the experL~ent. 

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

et al. 
26 

from their data without the charge exchange correction, are 

a(pn) = 42.6 ± 1.7mb 

a(K +;n) = 17.·5 ± 0.4 mb 

at 6 BeV/c, and 

a(pn) = 39.2 ± l. 7 mb 

"" + a(K n) = 17.6 ± 0.4 mb 

at 18 BeV/c. 

a(pn) = 59.5 ± 4.0 mb 

a(K~n) = 21.9 ± 0.4 mb 

cr(pn) = 44.4 ± 9.0 mb 

a(K-n) = 20.3 ± 1.1mb 

') 
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When the experimenta~ data for the cross· sections are reanalyzed by taking the 

charge exchange correction ·in Eq. (6.1) into ac~oLmt, we find that six of the 

eight cross sections quoted remain unaltered to three significant figures. The 
+ 

two cross sections which are changed are ,cr(K n) at 6BeV/c which is decreased to 

17.4mb and cr(pn) at 18 BeV/c which is decreased t8 44.3mb. The corrections 

to the neutron cross sections due to char~e exchange effects are generally 

smaller than 0.1 mb in this momentu.'l'l. range, and thus a good deal smaller than 

the quoted errors of the measurements. 

We consider next the proton-druteron and proton-proton total cross section 

' ll ' ' ' 
measurements of Bugg et al. bet'Ween l.l and 8 BeV /c. Since these measurements 

'Were performed at a considerably lower range'of incident momenta than those noted 

earlier, their analysis was carried out differently in two respects. The real 

parts of the neutroh and proton forward scattering amplitudes .v1ere retained in 

the formula for the cross section defect; and an attempt was made to correct 

for the effects of the internal motion of the .nucleons in the deuteron. The 

details of the latter correction are given in Ref. 11. For our present pur-

poses ~e need only use their values for the ~verages of the proton-proton and 

proton-neutron total cr.oss sections taken over the internal motion, 'Which they 

have referred to as "cr(p-p)" and "cr(p-n)" respectively. Typical values of "cr(p-n)" 

vhich h~ve,been reached without taking.account.of'thechiirgr= exchange correction are
11 

"cr(p-n)" 35· 72 ± 0.26 mb at 1.111. BeV/c 

;:: 42.255 ± 0.069 mb at 4.552 BeV/c 

41.328 ± 0.080 ffi"b at 7.855 BeV/c 
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By follm'iing the same procedure as is used in Ref. llJ but taking charge exchange 

corrections into account by using Eq. (3.15) to represent the cross section 

defect) ~e find the altered cross sections 

"cr(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 lo-west momentum does the change exceed the quoted experimental error. 

The fact that the charge exchange corrections tend to increase the neutron 

cross sections iri these measurements rather than decreasing them very slightly, as 

in the earlier discussion) is due to the fact that the real parts of the scatter-

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

. 2 
correction -which is proportional .to (p cr -p cr ) in Eq. (3.15) dominates the one · n n p p 

proportional to (cr-cr )2 at lo~ incident momenta . . n p 
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Figure Captions 

Fig. 1. Schernatic representation of collision processes -which contrjbute to 

charge exchange scattering by the deuteron. The incident positively charged 

particle is asswn.ed to be the r
3 

= l/2 member of a charge doublet. 

Fig. 2. Schematic representation of collision processes which contribute to 

scattering by the deuteron -with no net transfer of charge. The incident 

particle is again the r
3 

= l/2 member of a charge doublet. 

Fig. 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 nucleon-nucleon data, with all double collision processes, including 

double charge exchange, taken into account. The dashed curve is the theoreti-

cal prediction -when double charge exchange is omitted. The broken curve 

represents the contribution of single scattering processes alone. The 

experimental points are from Refs. 5 and J.4. 'I'he shape of the :interference 

minimum which occurs near t = -0.33 (Be~/c) 2 is quite sensitive to the phases· 

of the nucleon-nucleon scattering amplitudes which are not yet known accurately. 

Fig. 4. Differential cross sections in the laboratory system for K+d and K+ n 

charge exchange scattering at 2.27 BeV/c as a function of cos elab the cos:i.ne 

0 + . 0 
of the K scattering angle. The data for K d ~ K pp are from Ref. 6. The 

+ 0 solid curve is calculated forK d. ~K pp with double scattering taken into 

account. + 0 The broken curve is calculated for K d -~ K pp with double scattering 

neglected.and coincides with the solid curve for cos elab > 0.98. The dotted 

curve, -which coincides with the broken curve for cos E)lab < 0.96, is the calcu­

lated angular distribution for K+n ~~0p. 

- , .. _. ... ~. 

·•· .... 
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Fig. 5. Angular distributions of the components of tte K+d charge exchange 

intensity as a function of cos Slab· The incident K+-meson laboratory 

momentu.rn is 2.27 BeV/c. The curve labelled A represents the single scat-

tering contribution and curve B the double scattering contribution. The 

curve labelled C represents the contribution from the interference betv1een 

the single and double scattering processes, and is negative in sign. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
rir for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used .in the above, "person acting on behalf of the 
Commission'' includes any e~ployee or contractor of the Com­
mission, or employee of such c~ntractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
tri, any information pursuant to his employment or contract 
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