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Investigation of the Pion Trajectory in a Regge-Pole Model
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Reactions of rr, E, p, and p resulting in d, (1238) production are examined. It is shown that whenever an
exchange with P= (—)s+' is allowed by the known selection rules, this exchange dominates the production
mechanism at small momentum transfers. This phenomenon is described in terms of a Regge-pole model for
pion exchange. Arguments are given to show that although the pion trajectory is lower than the p and A&
trajectories, rr exchange can dominate at small ( t j values. The pion trajectory is determined from the experi-
mental data, and fits for the differential cross sections at various energies are given for ~t ( &0.25 (Gev/c) .

I. INTRODUCTION

~

CONSIDERABLE progress has been achieved
recently in the study of the theoretical complica-

tions connected with the kinematics of unequal-mass
scattering and Regge poles. ' Nevertheless, there still
remain some practical problems when one considers the
parametrization of inelastic processes and has to treat
several trajectories and residue functions simultane-
ously. Regge-pole analysis of resonance production has
been condned, therefore, to simple reactions in which
both the number of exchanged trajectories and inde-
pendent helicity amplitudes are rather small. ' A
puzzling question in this context is the role played by
the pion trajectory. The 6xed pole one-pion-exchange
(OPE) model in its various modifications has scored a
remarkable success in the interpretation and correlation
of various high-energy reactions resulting in resonance
production. ' The important role played by the OPE
mechanism is intuitively understood to result from the
small pion mass and its strong couplings. This ad-
vantage seems to be lost in a Regge-pole model, where
the pion trajectory (if existing at all) should be well
below other trajectories such as n, and n~„and can be
neglected altogether in the asymptotic limit.

In the present investigation we shall con6ne ourselves
to various reactions on a proton target resulting in
6(1238) production. In these reactions we should
consider the +, p, and A2 trajectories from the known
unitary multiplets, and possibly a member of the 1+
nonet. The reactions discussed are

sr+p ~ p&Q++

*Research sponsored by Air Force Once of Scienti6c Research,
OfBce of Aerospace Research, U. S. Air Force, under AFOSR
Grant No. AFEOAR 66/39, through the European Once of
Aerospace Research.' D. Z. Freedman and J. M. W'ang, Phys. Rev. Letters 17, 569
(1966); 18, 863 (1967); Phys. Rev. 183, 1596 (1967).' D. P. Roy, Nuovo Cimento 40, 513 (1965); H. Coprasse and
H. Stremnitser, ibid 44, 1245 (1966); R. . L. Thews, Phys. Rev.
155, 1624 (1967).' See, e.g., J. D. Jackson, in Proceedings of the Stony Brook
Conference on High-Energy Two-Body Reactions, j.966 (to be
published}.
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K+p —+ K~'6++,

vr+p ~ jog++

pp ~ Q++g

pp~ p~+,

pp —+ Nh++.

(2)

(3)

(4)

(5a)

(Sb)

The purpose of this paper is to point out that at
moderate incoming energies the OPE mechanism cannot
be neglected in a Regge-pole model. In Sec. II we
discuss the possibility of isolating the pion exchange
contributions to reactions (1)—(5). We show that these
contributions dominate the production mechanism at
small momentum transfers. Our analysis is consistent
with the assumption that the pion lies on a Regge
trajectory, which is calculated from the experimental
data. Section III is devoted to a presentation of a
Regge-pole parametrization suitable for our analysis.
Fits to the experimental cross-section distributions are
presented in Sec. IV. Section V contains a discussion
and possible interpretations of our results.

F1=F)).01',
F2= FH, 01',
F3=F~),01',

F4 F~$,01 p

Fs= F)g,oo',

F6=Fyy, oo',

Fv=F~) oo',

Fs= Fy—g, oo'

Fa= FH, 0-1',
t&' ts= H, 0-1

F11=F$—$,0—1

F12—F$—$,0-1 ~

«K. Gottfried and J. D. Jackson, Nuovo Cimento BB, 3G9
(1964).
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II. DATA ANALYSIS

In. the following we shall examine the available experi-
mental decay correlations of reactions (1)—(5) in order
to extract information on the corresponding production
mechanisms. We shall make use of the fact, noted first
by Gottfried and Jackson, e that parity restrictions on
vertex couplings can be extended to Regge trajectories
with the same spin-parity relation Le.g. , I'= (—)~ or
&= (—)"'j.

Let us Qrst consider reaction (1) and denote its 12
helicity amplitudes in the t channel by
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phd) b ds Pd 0

Fio. 1. A peripheral diagram
for the reaction u+b ~ c+d.
p, es, and X denote 4-momen-
tum, mass, and helicity, re-
spectively.

trajectories cannot couple to the final E* in a zero-
helicity state. We obtain for reaction (2) the same
conclusion we had for reaction (1), viz. , that the
production mechanism at small

I tl values is dominated
by P= (—)~+' exchanges. A similar analysis of the data
published on reaction (3) at 8 GeV/c ' yields

The diagonal spin density matrix elements for the 6
decay are defined as

pss= Pss/2(Pss+Pii) &

P»=Pll/2(Pss+Pll) y

where

pss=[Pil'+ IPs I'+ IPo I'+ IPs I'+ IPs I'+ IP»I'
P»= IPs I'+ [Ps['+ IPio I'+ IFs['+ IPr I'+ IP» I'. (8)

Similarly the diagonal spin density matrix elements
corresponding to the p decay are

poo= poo/(2pii+ poo),

pll pll/(2P11+Poo) y

where

Poo = 2(IPs I'+ IP0 I'+ IP7 I'+ IP I')

P l l= I
Pi

I
'+

I Ps I
'+

I Ps I
'+

I
P4

I
'+

I
Po

I

0

+ IP»l'+ IP» I'+ IP»I' (10)

Experimental data on reaction (1) are available at
3.65, 4.0, and 8.0 GeV/c. s ' A characteristic feature is
that in the forward direction, It[ &0.25 (GeV/c)', the
measured elelnents are poo(p))0.8; pss(6)&0.05. Re-
ferring to Eqs. (6)—(10), we deduce that

16

(IP- oo'I'+ I& ~ 00'I')/P IF,I')0.75 (12)
i=1

where the amplitudes F~; pp and F~ ~ pp are nonzero
for P= (—)~+' exchanges only.

The importance of a contribution by an axial-vector
meson Regge trajectory has been conjectured by
Sarmawi. " However, at least a partial success in the
understanding of reactions (1)—(3) can be obtained
using the absorptive OPE model. ' The problems in-
volved in such an interpretation are mostly in the
normalization of the calculated cross sections rather
than in the energy dependence or decay correlations.
The normalization problem seems to arise from the
unitarity violation of the OPE amplitudes written in
the pole approximation. Such a deficiency is naturally
removed when the OPK amplitudes are Reggeized. We
shall conjecture, thus, that axial-vector exchanges may
be neglected and that reactions (1)—(3) are dominated
by OPE at small momentum transfers. Our aim is to
examine the experimental data to see if they support
the assumption that the pion lies on a Regge trajectory.

Less stringent bounds on the number of dominating
helicity amplitudes can be obtained from the measured
decay correlations"" corresponding to reactions (4)
and (5). For reaction (4) one finds that

12

(Idol'+ [P7[')/E IP'I'&07.
32

p IP„.,. , [s/p IP, [s&0.6, (13)

We note furthermore that the p-exchange contribution
to reaction (1) is excluded because of the G-parity
selection rule, and that the A& trajectory cannot couple
to a final p in a zero-helicity state. We conclude that the
production mechanism responsible for reaction (1) at
small momentum transfers is dominated by a m ex-
change, or possibly an exchange of an Ai (assuming
that the Ai belongs to a 1+ nonet).

Exactly the same arguments may be advanced in
connection with reaction (2), where the measured spin
density matrix elements at 3.0, 3.5, and 5.0 GeV/c s in
the forward direction show the same behavior as ob-
served in reaction (1).Although p exchange is allowed
for this reaction, we again note that both the p and A2

B. C. C. Shen, University of California Radiation Laboratory
Report No. UCRL-16170, 1965 {unpublished).

e Aachen-Birmingham-Bonn-Hamburg-London iI.C.}-Miinchen
Collaboration, Phys. Rev. 138, B897 (1965).

'Aachen-Berlin-CERN Collaboration, Phys. Letters 19, 608
(1965); ibid. 22, 533 (1966).

s M. Ferro-Luzzi et al , Nuovo Cimento 3. 9, 417 (1965); R.
George et al. , ibid. 49, 1 {1967).

where X~ means the X of the antiparticle in the I, channel.
The notation is given in Fig. 1. For reaction (5) the
statement made is

16

IFx,i x.)„'I'/P IP, I') 0.65.
) b&abc

Moreover, in these reactions we do not have the sepa-
ration between P= (—)~ and P= (—) +' exchanges.
Nevertheless, analysis of reactions (4) and (5) in terms
of the absorptive OPK model is quite successful with
problems again arising because of an overestimation of
the calculated cross sections. It is rather tempting to
assume that the g-6 vertex which is common in re-
actions (1)—(5) is dominated at small momentum trans-
fers by a Reggeized ~ exchange.

9 Aachen-Berlin-CERN Collaboration, Ref. 7.
"M. Barmawi, Phys. Rev. Letters 16, 595 (1966).
"K.Bockmann et a/. , Phys. Letters 15, 356 (1965); V. Alles-

Borelli et al. , Nuovo Cimento 48, 360 (1967).
rs G. Alexander et al , Phys. Rev. 144, 11.22 (1965).
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Consequences of such an assumption can be tested
readily as cross sections for reaction (5) are available
over a wide range of primary momenta. "

If we assume dominancy of a one-Regge-trajectory
exchange, the differential cross sections

~-pp~ph
o- Kp~ Kh
x-~p ~-p h,

.4-

da f(t) (S—I)'"&
dt sp k sp

(15)

I 0.0
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FIG. 2. Differential cross sections of reaction (5) at fixed
momentum transfer as a function of s—N. The lines were obtained
from Eqs. (15) and (16).

"G. G. Chadwick et al. , Phys. Rev. 128, 1823 (1962); G.
Cocconi et al. , Phys. Letters 15, 134 (1964); C. M. Ankenbrandt
et at. , Nuovo Cimento 85, 1052 (1965); E. W. Anderson et at. ,
Phys. Rev. Letters 16, 855 (1966);I. M. Blair et a/. , ibid. 17, 789
(1966).

are expected to yield some shrinkage of the forward
peak. The availability of data at different energies
enables us to extract a fit for the trajectory e. The
experimental data for reaction (5) summarized along
these arguments are presented in Figs. 2 and 3. The
experimental points were fitted by the method of least
squares to Eq. (15). Whenever the data were given
without errors quoted we have assumed a statistical
distribution. Figure 3 also contains the fitted o. values
obtained from reactions (1) and (2). For reaction (1)
we have used the published data at 3.65 and 8 GeV/c. "
For reaction (2) we took the ct values obtained by the
CERN-Brussels group. ' These n values were obtained
from an expression slightly different from Eq. (15), but
the deviations are very small compared to the statistical
errors.

The best fit obtained for the pion trajectory from
data corresponding to reaction (5), assuming a straight
line, is

n(t) = —(1.75&0.45) ( t+tm ') .— (16)

A slightly different slope of 1.50&0.50 was obtained
when points corresponding to reactions (1) and (2) were
included. The slope calculated is bigger than n'(0)~1,
which is the value obtained for other known trajectories.
However, because of the present experimental limi-

~ 2
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FIG. 3. Chew-Frautschi plot for the pion trajectory. The experi-
mental points correspond to reactions (1), (2), and (5).

tations, we consider our value for the slope to be
preliminary.

III. FORMALISM

Although Regge-pole models have been in vogue for
the past five years, the problem of how to parametrize
the trajectories and residues associated with specific
poles is as yet unsettled.

Most fits to date'4 have assumed a linear dependence
on t for the trajectories and have obtained reasonable
agreement with experimental results both for the t
dependence of the differential cross sectionandforpolari-
zation data."Certain authors" have introduced a more
complicated form for the trajectory, i.e., they assume a
quadratic dependence on t. However, the slight im-
provement resulting does not seem to justify the
additional parameters introduced.

The problem of what parametrization to assume for
the residue is much more open, and no one trend seems
to have asserted itself. Phillips and Rarita" have sug-
gested an exponential form for the residues. A failing in
this approach is its arbitrariness. Barmawi' took for the
residue the expression obtained from the 6eld-theo-
retical amplitudes. This assumes a smooth behavior
from the pole to the physical region. Holler, '~ who has
investigated x-S charge-exchange scattering, 6nds that

t4 R. K. Logan, Phys. Rev. Letters 14, 414 (1965); G. Hohler,
J. Baacke, H. Schlaile, and P. Sonderegger, Phys. Letters 20, 79
(1966);M. Barmawi, Phys. Rev. 142, 1088 (1966);see also Ref. 2.

» For elastic scatterings see, e.g. , W. Rarita, R. J. Riddell,
C. B. Chiu, and R. J. N. Phillips, University of California Radi-
ation Laboratory Report No. UCRL-17523, 1967 (unpublished).
For resonance production, see M. L. Paciello and A. Pugliese,
Phys. Letters 248, 431 (1967);M. Krammer and U. Maor, Nuovo
Cimento SOA, 963 (1967); ibid. 25A, 308 (1967).

's A. Pignotti, Phys. Rev. Letters 10, 416 (1963); R. J. N.
Phillips and W. Rarita, Phys. Rev. 139, B1336 (1965)."G. Hohler, J.Baacke, and G. Eisenbeiss, Phys. Letters 2P, 203
(1966).
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FIG. 4. Experimental and 6tted differential
cross sections for reaction (5).

he can obtain agreement with the experimental data if
the Geld-theoretical expression for the residues have a
strong t dependence. This contradicts Barmawi's
assumption. From this point of view, there is some
advantage in the method suggested by Wang, " to
separate out the kinematic singularities, and then take
the residue to be a constant. This constant does not
necessarily have to be the same value as the residue at
the pole. However, for the pion trajectory, since the
pole at t= tm '= 0.02 (GeV/c)s is so close to the p.hysical
region, we expect that the difference in the Barmawi
and Wang approaches should be small.

Our t-channel amplitudes can be parametrized in the

cs L. L. Q ang, Phys, Re&, 142, 1187 I,'1966).

where s, t, and u are the Mandelstam variables, so is a
scaling constant, and g& is the scattering angle in
the t channel. X =max(

~

X (, ( fs ( ), where X= X,—X.,
p= Xb—)j.q. K(t) denotes the kinematic singularity
factors and y(f) is the residue function. n denotes the
pion trajectory.

We note that the dominant contribution to the differ-
ential cross section in the forward direction will come
from those amplitudes for which X =0. For ) WO, y(t)
is proportional to n(f) because of the nonsense transition
involved. "Consequently, we will concern ourselves only
with the amplitudes for which X=p, =0. These ampli-
tudes were found in the analysis carried out in Sec. Il
to dominate the production mechanism in the forward
direction. For these amplitudes we use the Geld-
theoretical residues assuming a smooth continuation
from the pole to the physical t region. A disadvantage
in this approach is that we cannot calculate deviations
of the decay density matrix elements from pure OPE
predictions. Nevertheless, we have already observed
that these deviations are quite small.

A few additional remarks should be added about the
approximations leading to the Regge parametrization
which we have adopted in Eq. (17):

(a) In obtaining Eq. (17) we have followed the
Mandelstam extension" of the Regge formalism for
negative n, keeping the leading term in the expansion.

(b) We assume the existence of daughter trajecto-
ries" to assure the proper s asymptotic behavior in the
s-channel forward direction.

(c) By neglecting the amplitudes with X WO we
avoid the necessity of considering possible conspira-
cies at 8,=0'.

(d) Conspiracy relations that occur at t=0 are of
interest only for reaction (4), where the crossing matrix
contains a t 'I' singularity. We have neglected such
possible constraints since data are not available in the
very narrow forward cone.

Effectively, our Reggeization of the scattering ampli-
tude consists of replacing the pion propagator:

1/(I —m.') -+ 8(t),

P(t) =L2n(f)+1)sn'(0)

]+&—rwa(o

X

The resulting expressions for the cross sections cor-

"M. Gell-Mann, M. Goldberger, F. Low, E. Marx, and F.
Zachariasen, Phys. Rev. 133, 8145 (1964).

"S.Mandelstatn, Ann. Phys. (N. Y.) 19, 254 (1962).
~' See D. Z. Freedman and J. M. Wang, Ref. 1.
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responding to reactions (1)—(5) are

2& g~~t g~»
P(t)a, 'bs'[t —(ma+m„)'] I

dt 3sq' 4m 4am ' (19)

20.-

IO. -
8.-

a)Kp —K h
p ~ 3 GeV/c

do4 s (g „as)s
~
P(t)bd'[t —(m&+m„)'j',

dt 9sqs (47rm„'J

~ gn~ g»2 2

P (t)tb, '[t—(m,+m„)'j,
dt 6sq' 4n. 4mm'

(22)

FIG. 6. Experimental and Gt-
ted differential cross sections

(23)
for reaction (2).

where

2& gz~K* g~»
P(t)a 'bs'[t —(ms+m~)'] I (20)

dt 3'' 4n. 4n-m '

das 1& g„~t' g~~a'
P(t)a, b [t (m—s+m ) ] (21)

dt 9sq' 4s mts 4am~'

4-

20.-
Ol

ss

& IO. —

8.-a

E

b
2

6.-

b) Kp K lL

p ~3.5 GeV/c

c)Kp K 6,
5 GeV/c

q'= (1/4s)[s —( m+ m)'s5[s (m——ms)'g,

a,'= (1/4m ')[t—(m, +m, )'j[t—(m.—m, )'j,
b s= (1/4m s)[t—(m +m )')[t—(m@—ms)'j.

The slope of the pion trajectory was deduced from
experimental data as discussed in Sec. II. This leaves

only one free parameter, s0. In Sec. IV we adjust this
parameter to give best fits to the experimental cross
sections.
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I zo. S. Experimental and Gtted differential
cross sections for reaction (1).

IV. COMPARISON WITH EXPERIMENT

The best value obtained from reaction (5) for the
pion trajectory yielding a slope of n'(t) =1.75 was used

throughout the Gtting procedure. As we noted, the
over-all fit to n'(t) was slightly lower. However, because

pp data are available over a wider range of s than are
available for reactions (1) and (2), we consider this fit
more signi6cant.

Differential cross sections corresponding to reactions
(1)-(5) at various incoming energies were fitted after
adjusting the free parameter ss in Eqs. (19)—(23). The
physical interpretation of this scaling factor is not very
clear. It is associated with the external particles, and as
such might be classi6ed according to some symmetry
scheme; however, previous fits'~" have made very
different assumptions. In the present approach we have
determined the best value of so in each reaction from a
X' fit to the experimental data.

(a) pp ~ pA+. Fits were made for differential cross
sections at incoming proton momenta of 4.5-15.0
GeV/c. ""The fits are presented in Fig. 4 together with
the experimental distributions. Experimental errors are
quoted only when given in the original papers. The
coupling constants used in our calculations are g~ I„'/4tr
=14.5, g„oa&/4s-=0.25. The best value obtained for
the free parameter is so=0.8 GeV'.

(b) s.+P~ p'6++. Experimentals
' and fitted cross

sections at 3.65 and 8.0 GeV/c are given in Fig. 5. Data
corresponding to this reaction at 4.0 GeV/c s were
omitted because their normalization is not consistent
with the 3.65-GeV/c experiment. A clarification of this
ambiguity would shed more light on the validity of our
approach. The coupling constants used are g +,0 -s/4tr
=1.85, g~ +a+&/4s =0.38. The best value obtained for
so is 0.7 GeV'.
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FxG. 7. Experimental and Qtted differential
cross sections for reaction (3).

tractions were employed in these experiments it is
difficult to compare the energy dependence of the
reported cross sections; we have confined ourselves to
the high-statistics experiment of Alles-Borelli et al."at
5.7 GeV/c. The results are shown in Fig. 8, with
sp=0.6 GeV'

A few general remarks follow our analysis. Generally
speaking, our fits are quite reasonable in the forward
direction,

~
f j (0.25 (GeV/c)', considering our crude

approximations. The fits deteriorate badly for
~

t~ )0.3
(GeV/c)', which is to be expected. The least satis-
factory fit was obtained for reaction (5) but, as we have
noted, background approximations are most dificult
in this case. Our model is expected to be unsatisfactory
at very high energies. Ke therefore expect that reactions
(1)—(3) will exhibit at these energies polarization
properties which are very different from those seen in
the presently available data. This observation provides
us with a qualitative test for the validity of the present
model.

(c) K+p~E*'6++. Figure 6 contains the experi-
mental' and fitted cross sections at 3.0, 3.5, and 5.0
GeV/c. The relevant coupling constant is grc+rc~o —/4vr
=1.5. The fitting yields sp=0.7 GeV'.

(d) s+P ~ f"6++ Data on.this reaction are available
at 8.0 GeV/c ' s,nd are presented together with our fit in
Fig. 7. The coupling constant used is g„+r,-'/4s = 2.4.
Obviously, the energy dependence of Eq. (21) could
not be examined. The best fit was obtained for sp ——1.0
GeV'.

(e) pp —+ 6++5 . Differential cross sections for this
reaction were published for incoming momenta of 3.6
and 5.7 GeV/c. " Because different background sub-

40.—
pp-hh
p 5.7 Gev/c

~ 20.—

47
CQ

l0.—

8.—F
6.—

'0
b 4,—

20

.2
ltl (Gev/c )

FIG. 8. Experimental and fitted differential cross sections for
reaction (4). The dashed line corresponds to the experimental
cross section corrected to include the full isobar mass distri-
butions. (See Alles-Borelli et o/. , Ref. 11.)

V. DISCUSSION

Until fairly recently, physicists labored under the
impression that the higher the Regge trajectory the
greater is its contribution to the scattering amplitude.
However, such over-all generalizations have now been
shown to be inaccurate" and one has to examine each
helicity amplitude separately and ascertain whether
there is a compensation for the lowness of the trajectory.

We have considered processes for which pion ex-
change is permitted and for which the isospin of the
exchanged trajectory is limited to T&1. We find that
we can obtain reasonable results by just considering the
pion exchange and neglecting the contributions of the
p and A2 trajectories, similar results are obtained. in the
absorption model. ' The relative importance of the pion
trajectory at moderate incoming momenta can be
explained by the fact that its pole is very close to the
physical region, and that it has large couplings to other
particles. In addition, for small momentum transfers it
receives impetus from the corresponding kinematic
singularities compared to those for amplitudes to which
the p and A2 trajectories contribute.

The approximation which we have used, neglecting
all helicity amplitudes with X &0, does not provide us
with any new insight to the decay correlations. Con-
trary to the procedure of calculating cross sections, the
predicted spin density matrix elements depend on a
delicate balance between the various 5-channel helicity
amplitudes. ' We know" that no joint decay correlations
can exist if a single Regge trajectory is exchanged.
Consequently, it is obvious that any extension of the
present model must include not only contributions of
the pion trajectory to other helicity amplitudes, but

"S.Frautschi and L. Jones, Phys. Rev. 163, 1820 (1967)."A. B.Kaidalov, Zh. Eksperim. i Teor. Fiz. Pis'ma v Redaktsiyu
4, 484 1966 LEnglish transl: Soviet Phys. —JETP Letters 4, 325
(1966)g.
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also contributions from other trajectories as well. Such a
calculation necessarily requires many more parameters.

The fit that we obtain for the + trajectory is steeper
than the one usually associated with other Regge
trajectories. '~" Our preliminary result does not seem
to support the assumption of an exchange degeneracy
between the x- and 8-meson trajectories. " If we take
seriously the theory of Regge recurrences, we would
expect to 6nd a 2 resonance with mass in the range
of 1.0 GeV. This is yet to be discovered, or is it con-
nected with the double peak structure of the A2
meson?"

'4 D. G. Sutherland, Nucl. Phys. B2, 157 (1967)."G. Chikovani et al , Phy.s. Letters 2SB, 44 (1967).

An unsatisfactory feature of our fit is the dependence
on so, which sets the scale for the absolute differential
cross sections. The ideas associating so with the radius
of interaction and taking so'=m ns~m, md do not seem
to work in our case. Our data are more consistent with
the association of so with a universal constant of the
order of Ps' .

The main conclusion of our analysis is that the
transition vertex of a target nucleon to a 6 isobar is
dominated at moderate energies and small momentum
transfers by an exchange of a I' = (—)~+' object when
this is allowed by the selection rules imposed by the
other vertex. Our calculations support the assumption
that this exchange is well described by the pion Regge
trajectory.
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Interaction radii for pairs of excited elementary particles are computed from differential production
cross sections by a simple optical model. It is found that the excited states of baryons and mesons con-
sistently have interaction radii smaller than the ground states, and that they expand slowly with energy,
corresponding to a shrinkage of the diffraction region, up to center-of-mass energies of 15 GeV or so. It is
probable that there is very little more expansion at higher energies.

r SING a modi6cation' of the coherent drop modeP
for a particle-particle reaction, we have estimated

the effective interaction radii of various two-particle
systems. Effective radii of interaction are moderately
well known for particles in their ground states (e.g. ,
pion with proton, kaon with proton, antiproton with
proton, nucleon with nucleon); these have been esti-
mated by application of optical models to differential
elastic scattering cross sections. The modification' used
here allows interaction radii for particles in excited
states to be evaluated from differential production
cross sections. The method has been extended to
estimate these radii as functions of center-of-mass

energy.
A constrained test' for self-consistency of the method

has been made using experimental data for the reaction

cross section for reaction (1), all at the same center-of-
mass energy, and a reasonable 6t to the experimental
differential production data was obtained.

We now apply the method to the two-body reactions

sr+p —+ A+8 a,n.d K+p —+ C+D, (2)

where the 6nal product is a proton plus an excited
meson, or where both final particles are excited, and
also to the reaction

where EF is the pair, excited baryon and antibaryon.
The model is applicable at high energies where the

elastic and production reactions are diffractive, i.e.,
have a dependence on the squared four-momentum
transfer t of the form

7r++d ~ p+p. do/dt=S exp( —yt). (4)
Here the experimental differential elastic scattering
cross sections for pion on deuteron and for proton on
proton were used to compute the differential production

~ Research supported by U. S. Atomic Energy Commission.
Contract No. AT(11-1)1537.
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(do/dt)g„„,——v. a(b) Js(btr")bdb

from which an analytic evaluation of a(b) follows, if (4)

We write the elastic scattering cross section in the usual
small-angle approximation


