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It has been suggested'™ that Regge pole terms
dominate the high-energy behavior of two-body
scattering amplitudes involving pions, nucleons,
etc. It is possible®’S to interpret the available
data on 7-N, N-N, N-N, and K-N scattering in
terms of the Regge pole hypothesis, with the as-
sumption that all processes in which the quantum
numbers of the vacuum can be exchanged are
dominated at high energies by a particular term.
This “Pomeranchuk-Regge term” is supposed to
have aP(O) =1, where aP(t) is the position of the
Regge pole in the angular momentum plane as a
function of ¢, the exchanged mass squared. Any
elastic scattering amplitude,® say for particles
X and Y, has the form

ap(t) -ina p(t)
s\ P l+e P
TXY(s,t)=280<§B) xpy W

(1)

at high energies near the forward direction. Here
s is the total mass squared in the reaction X +Y
+X +Y and s, is an arbitrary parameter with the
same dimensions. The total cross section at high
energies is
Ty = -Imey(s, 0)/s =bXPY(O),
a constant, because of the assumption that a ,(0)
=1. In fact oy must be the product” of a factor
depending on X times a factor depending on Y:
- 2
%%y ~%x Oyy 2)

When the energy is not quite so high, we must
include in the scattering amplitude terms corre-
sponding to other Regge poles, associated with
p, w, etc. In this way, one can understand and
correlate® the observed deviations from constant
total cross sections in the region of 5-20 Bev.
For simplicity, we shall concentrate on the dom-
inant Pomeranchuk term. We now drop the indi-
ces P, X, andY.

The angular distribution in the diffraction scat-
tering peak can be read off from Eq. (1). Knowing
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that o increases with ¢, which is negative for
physical momentum transfers, we see that the
diffraction peak becomes narrower with increas-
ing energy. Putting

B(t) =b()i{1 +exp[-ina(f) [}{6(0)] ™ [sinma (£)]*,
we have in general,

a(t) -1

T(s,t)=-iosB(t)(s/s,) (3)

A rough description can be obtained if, for a suit-
ably chosen s,, we suppose that B(¢) varies slowly
compared with (s/so)a(t). Then for small ¢, set-
ting e=a’(0), we have o -1=x€t and B(t)=1. We
thus obtain the “exponential approximation,”

T (s, t) = -ios exp[et In(s/s,) ], (4)

that clearly exhibits the shrinking of the diffrac-
tion peak. The CERN data on p-p scattering seem
consistent* with Eq. (4).

The shrinking corresponds to an increase of ra-
dius and of transparency such that the total cross
section remains constant. Mathematically, we
may put

T =-8miy, (20 + 1)pl(1 +t/2s)(1 -eZiol) (5)
l

at high energies. We turn the sum over [ into an
integral, introduce the impact parameter D =2[s™V2
and use Pj(1+¢/2s)~Jy(DV-t). We then calculate
F(s,t), an amplitude such that do/dt= |F(s, )2
For N-N scattering at high energies we have F
=(-4sV7)"'T and so

F=é—’ﬁj; 27DdD [1 - ()] (DY -1)

2% f &D[1-S,(9)]exp(@D-3),  (6)

where Sp(s) =eszl and ¢®=-t. Now, using the in-
verse Fourier transform, we may employ either

the exact asymptotic expression (3) or the approx-
imate expression (4) to obtain the absorption coef -
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ficient 1 —SD(s) for impact parameter D:
- = g 2 a(_qZ) -1 2 ."."
1 sD(s) Wfd q(S/SO) B(-¢°) exp(iD- q),
(7

- ~ g 2 - 2 ".-’
1 SD(s)~8—ﬂ§fd g exp[-€eq ln(s/so)]exp(zD q)

= %[e ln(s/so)]'1 exp{-D?[4e ln(s/so)]_l}‘

(8)
The logarithmic increase of radius squared and
of transparency is obvious. The elastic scatter-
ing cross section, using the approximation of Eq.
(8), is just
0.2
- 2 2

Gel—dell-SD(S)l 232—1T€—1n(s—/80)’ (9)
which tends to zero as s — .

So far, we have discussed only the scattering of
particles which have no “anomalous thresholds.”
Now we turn to systems with anomalous thresh-
olds, like nuclei. Such a system, with mass M,
can dissociate virtually into two parts with masses
M, and M,, where (M, +M,)>>M?>M,%+M,?. More
concretely, we may say that the system with anom-
alous thresholds has a wave function which extends
out in space a distance L, where L? is greater
than the sum of the squares of the Compton wave-
lengths of the parts. A system with very promi-
nent anomalous thresholds, like a nucleus, can
be treated approximately as a composite system
described by a wave function referring to the co-
ordinates of the component parts.

Using such a description for a nucleus and as-
suming the Regge pole hypothesis for N-N scat-
tering, let us compute the properties of high-

A= i a(t) -1

F i 20G(-t/4)B(t)(s/s,)

xB(-(q/2 +5)2)(s/50)a(-(§/2 ") +a(-@/2+49)) -2 ,

oA =20-éo—:—zRefd2p G(pz)[B(—,taz)]z(s/s(,)2

-7, J roiPB-@e -5

energy N -nucleus scattering. (The same consid-
erations will of course apply to nuclear scattering
of 7 and K mesons.)

We employ the semiclassical ray method, which
should be valid in our energy range, >1 Bev. We
ignore the velocities of the particles in the nucleus,
so that s is always computed for the incoming nu-
cleon and any one target nucleon considered as be-
ing at rest in the nucleus. The probability distri-
bution |y¥1% of the nucleon positions is integrated
over the z coordinates so as to give a probability
distribution P(5,, B,, - + -) of two-dimensional vec-
tors p,, ¢=1,---A. Then the transmission coef-
ficient SDA (s) for the nucleus is just the averaged
product of the transmission coefficients for the in-
dividual nucleons:

A 2 2 - -
SD (s)_f..-fdpln..dpAP(pl,pz,--.)
A
xIT § = = (s). (10)
i=1 lD—pz.I

This expression can then be substituted into a for-
mula analogous to Eq. (6) to give the total cross
section and diffraction peak in N-nucleus colli-
sions.

As a simple example, let us take the deuteron.
We put the center of mass at the origin so that
p,=p/2 and p, = -p/2, where p is the two-dimen-
sional relative coordinate. Let the wave function
(ignoring spin) be ¥(0, z) and put

G(p") =" dzf dp 1y1Pexp(@B-p). (1)

Then the scattering amplitude and total cross sec-
tion, with the use of Egs. (6), (7), and (10), come
out:

2

(12)

a(-p%) -2 (13)

We note that besides the Pomeranchuk-Regge pole term (with coefficient, in the forward direction,
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twice as large as in N-N scattering), there is an
eclipse term in the form of a continuous line of
Regge poles. These form a cut along the real
axis of the angular momentum plane extending
up to a point that approaches unity from below,
like « itself, when ¢ approaches zero from nega-
tive values. At very high energies, the eclipse
term, at £=0, vanishes like [In(s/s,)]™ and we

A A 2
S = II 3 5)S = -
p i=1fd piPi(pi)le-p_l(s)’

and, using Eq. (7),
A

are left with a total cross section equal to 2¢.
That is clearly correct, since each nucleon has
become highly transparent. At moderate ener-
gies of a few Bev, the eclipse term is just the one
studied by Glauber.?

Now, let us treat a heavy nucleus, assuming
that the nucleons are independent particles bound
to a center at the origin. From Eq. (10) we ob-
tain

1

A - - > - ~a?) -
1 -SD (s)=1- 11 <1 -fdzpiPi(Pi) éyfdzq{exp[iq' (D -Pi)]}B(-qz)(s/so)a( 7) 1). (14)

i=1

With 0~40 mb experimentally, we note that for a
nucleus of any size the individual absorption coef-
ficients 7, are less than 30P;(0) <1, so that we
may replace 1-7; by e”"%, obtaining

1 -SDA(s) =1 -exp[-TDA ()], (15)

TDA (s) = f d2p[2ipi(p)]£7 f g {expliz- ©-5)]}

xB(—qz)(S/so)a(_qz) -1 (16)

The total cross section is just

oA(s)=2fd2D21 -Re exp[—TDA(s)R R (17)

while the absorption cross section is easily seen
to be given by the formula

o SA(s)zfdzD exp[-.‘ZTDA(s)]

ab
For actual evaluation, let us make the exponen-
tial approximation (4) for the N-N scattering am-
plitude, putting B=1 and a =1+¢€f. For the nucle-
on density, we use a uniform model with a sharp
cutoff at radius R A which gives

1-

|

2. (p) =A(37R °)T2(R ,® -p")Vn(R ,* -p). (19)

Putting D =D/R, and §%=[4me ln(s/so)](TrRAz) -1
we obtain

GA (s) =277RA2j:o 2DdD gl -exp[-cA( 2nRA2> _145(52,32 ]%; (20)

"absA(s) :nRAzl 2DdD ; 1 -exp[—cA(nRA 2>—1¢(_D-2,62):|§, (21)

with

¢ (D%, 8% =[87reRA ln(s/so)]'lfdzp 3(RA2 —pz)"zn(RA2 -p?exp{-(D -p)?/[4€ ln(s/so]}

=3B %[exp(-D?87?)] [l pdp (1 - p*)“?[exp(-p?8 ~%)] 10(2555 -2). (22)
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At very high energies or large B%, ¢ becomes
very small everywhere [¢ =8 2 exp(-D*87?)], so
that the exponential may be expanded and the inte-
gral over D performed. Both cross sections then
become just 0 A, as they must in the limit of infi-
nite energy. At very low energy or small B2, we
have ¢ = (1 -D*)¥*p(1 -D?) and the cross sections
become 27R,? and TR 4?, respectively, plus cor-
rection terms that vanish with nRAz/orA. Again
that is what we expect. The transition region may
be investigated numerically.

For gA /TR %= (12) (nucleizaround carbon),
we have calculated o at 3©=0.05, 0.15, 0.30,
and 0.45. With the rough assignments € ~1 Bev™
and s,=2 Bev® of reference 4, these values of B2
correspond to laboratory energies of 10, 10°, 10°,
and 10° Bev, respectively. Of course the energy
for a given p? is very sensitive to € and s,, which
are badly known. The values of oabsA /TR? come
out to be 0.98, 1.10, 1.22, and 1.33, showing a
very gradual approach to the asymptotic value of
2.29. Mathematically, the slowness of the ap-
proach to the high-energy constant cross section
is associated with the appearance of a Regge cut
instead of merely Regge poles.

For 0A/mR%=~(216)"° (nuclei around lead), we
have calculated oA at 82=0.007, 0.021, 0.042,
and 0.063, corresponding roughly to the same en-
ergies given above for carbon. The values of
OapsA/TR2 are 1.05, 1.14, 1.24, and 1.32, re-
spectively. Here the asymptotic value of 6 is ap-
proached even more gradually.

In general, for a system of many nucleons, a
sizable fractional increase of cross section re-
quires the effective nucleon area to be comparable
with the area of the system (3%2x1). Thus, even
for a light nucleus, enormous energies are re-
quired for the increase to be easily observable.

However, at the highest cosmic-ray energies,
the effect may be of importance. At 10° Bev,
treating air like carbon, we predict a 25% in-
crease in the absorption cross section of air over
the value at 10 Bev. It is interesting that Nikolskii
et al.® have reported a change in the character of
extensive air showers in the same energy region,
indicating an increase in the absorption coeffi-
cient of air. The result has not been confirmed
by other laboratories.
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