
1292 AY RES et a l.

data points. As a check on data consistency over a
longer period, the absolute lifetime analysis using Eq. (1)
with the anticoincidence ring gives (r+/r ) 1=—0.0060
+0.0031 over the same distance (0.20—0.78) lifetime. The
corresponding value for the m+ lifetime is also shown in
Table II with a standard, deviation that includes statis-
tical and consistency errors as well as that in the abso-
lute momentum. The latter result is in fair agreement
with one of the two recent accurate determinations of
7+, but not with the other.

As shown in Table II, the comparison of z.+ and z.

lifetimes agrees with the other two contemporaneous
experiments. 4' The three experiments utilized quite
different methods, and we should like to emphasize that

4 M. Sardon, U. Dore, D. Dorfan, M. Krieger, L.Lederman, and
E. Schwarz, Phys. Rev. Letters 16, 775 (1966).' F. Lobkowicz, A. C. Melissinos, Y. Nagashima, S. Tewksbury,
H. von Sriesen, Jr., and J. D. Fox, Phys. Rev. Letters 17, 548
(1966). The two values given for lifetime difference arise from
diferent methods of averaging the data.

the present experiment requires no corrections except
for the very small one for a difference in the momenta.
Using the same method with improved, beam and coun-
ters, the experiment will be repeated shortly with greater
precision 8.
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A surface-excitation droplet model for N&~2 production in pp collisions at high energy and small mo-
mentum transfer is proposed which explains the d~ dependence of the first two observed I=-', isobars.

' 'N the coherent-droplet model of Byers and Yang, '
- ~ high-energy exchange reactions with small momen-
tum transfer are pictured in terms analogous to small-
angle elastic scattering of partially absorbing nuclei.
The reactions are described in terms of a density func-
tion p(r) which represents the optical-model density of
hadron "matter. " In this paper, a picture is proposed
in which the signiftcance of p(r) is extended to a dis-
tribution of mass subject to coherent excitation in
modes analogous to collective excitation of complex
nuclei.

The proton and its excited states with the same
isospin will be described in their own center-of-mass
(c.m. ) system by state functions f(r) Yr,~(0,&)+, where
+ is a spinor. It will first of all be postulated that the
"intrinsic" helicity component associated with 0' is
conserved in high-energy collisions, while the "spatial"
part of the wave function provides a description of the
excited states of the proton appropriate for the high-

*Work performed under the auspices of the U. S. Atomic
Energy Commission' N. Byers and C. N. Yang, Phys. Rev. 142, 976 (1966).

energy limit of the S-matrix elements. ' The spin func-
tions + will, therefore, be ignored in the following dis-
cussion of S-matrix elements.

The second postulate to be made is that of "surface"
modes of excitation; the radial wave functions are
assumed to be similar in shape for all excited states,
and overlap integrals with ground-state wave func-
tions will be peaked at a radius associated with an
effective elastic scattering radius. This will enable use of
the Austern-Blair' approach to connect inelastic and
elastic channels.

A third postulate is the diffraction-excitation (or
"dissociation")' mechanism which suggests that in

2This decoupling of intrinsic and collective excitation com-
ponents of the angular momentum of the state presumably cannot
be a symmetry of the S matrix at rest since in that case there
would be a doubling of E*&g2 parities not observed experimentally.
The spin and parity of each X*depends on a coupling of intrinsic
Q) and collective (1'r. ) degrees of freedom.

3 N. Austern and J. S. Blair, Ann. Phys. (N. Y.) 33, 15 (1965);
W. H. Sassichis and A. Dar, ibid. 36, 130 (1966).The form of the
matrix element in the model presented here corresponds to a
8-function interaction potential between projectile and the hadronic
matter distribution.

4 M. Ross and L. Stodolsky, Phys. Rev. 149, 1172 (1966).
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collective excitation the S-matrix element for excitation
is given simply by an overlap integral' between initial
asymptotic two-particle (pp) state and final (pXii2*)
asymptotic state, involving a 6-function interaction
mechanism between the volume elements of the target
and those of the projectile.

The initial state (over-all c.m. ) two-particle wave
function is given by a product of the "internal" wave
functions of the two protons (both with I=0) and a
plane wave describing the c.m. relative motion with
initial momentum p. The final state wave function will
be a similar product but with final state relative mo-
mentum p', and one of the proton wave functions is
replaced by that of an excited state. In the rest frame of
the final state N*, the overlap integral then becomes

&i (l),p') = d'«'" "'Yi (|)4)F2*(r)Fi(r), (~)

where Ii », F2 are products of initial and final state radial
internal wave functions, suitably boosted into the given
frame. By the above assumptions, TI.~ may be regarded
as an S-matrix element for N* excitation. If the s
axis is chosen to lie along p', we can regard M as the
"collective" component of the helicity of the final N*,
while L serves to index the collective component of the
angular momentum of N* in its rest frame.

A two-body reaction takes place in a plane and it is
convenient to choose the y axis as the normal to this
plane. Then after a change of variables to cylindrical
coordinates (s,b, (t)), the /integration can be carried out
explicitly, and TI.~ can be written as

bdb JM(hb) dS e'~~I l'

2're(h)= Yi,2r(2r/2, 0) bdb Jir(hb)H22(b). (4)

X Yr.~'(0,0)F2*(s,b)Fi(s, b), (2)

where cos8=s/b, (—])"2=6=P, P,', and DP—~~=P,—I','. In the high-energy limit where coherency over
the entire interaction region is attained,

~
aP„(«R—',

(where R is a characteristic radius associated with the
radial wave functions), this matrix element depends
only on A. Furthermore, with a surface-excitation
outlook, one assumes the s integration is peaked sharply
for each impact parameter b at ~s~ =0. This enables
factorization of YJ„~(2r/2, 0) in a way characteristic of
a diffraction model. The result may be written as

These approximations guarantee the relativistic co-
variance of the resulting matrix element.

In accordance with the second postulate, Hi2(b)
is taken to differ only in normalization when comparing
among excitation cross sections. Thus (4) may be
written as

Trjr(a)=CrYi~(m/2, 0) bdb Jjr(hb)H(b). (5)

The expression (5) should now be considered as the
defining equation of the model under consideration.
There exist in fact no "exact" equations of motion
from which this Amsats can be derived by successive
approximations, and hence the preceding discussion
can be interpreted only as a heuristic guide to the
physical significance of a model (for the 2-body matrix
elements under consideration) defined by (5).

If the radial ground state wave functions were
characteristically of square-mell type with a sharp
cutoff at r=R, the corresponding elastic scattering
matrix element would take on the Fraunhofer black-
disk diffraction pattern. At the same time, the surface-
excitation postulate would lead to H(b) ~ (b —R),
effectively an illuminated-annulus model as in nuclear
reactions with strongly absorbing nuclei. The empirical
elastic scattering of hadrons at high energies suggests'
not a sharp-cuto6 model but a Gaussian distribution of
density. Thus a smoothed-boundary H(b) is desired;
in the Austern-Blair nuclear theory, ' which is successful
if L is not too large, this is achieved by setting

8
H(b) Ll ~ix(b)7 (6)

(d~/«) ~
Ed]l gr,

=Cr,2+
t Yr,~(2r/2&0)72(G2r(x)7' (8)

where the elastic scattering amplitude is related to
x(b) as in the optical model.

A good empirical fit to pp elastic scattering data at
small angles and high energies is provided by the choice

~ix(b)7 ce b21282—

implying a purely imaginary amplitude. With this
expression, using the A22sats (6), the integrals in (5)
can be carried out in terms of conQuent hypergeometric
functions. The resulting differential cross sections for
N* production can be written as follows, putting
x=hR s=x2/2:

5The Geld-theoretic signiGcance of such an overlap integral
is presumably similar (except for the phase relations) to the over-
lap matrix of Van Hove, Rev. Mod. Phys. 36, 655 (1965).' The E*is treated as a stable particle for purposes of computing
the high-energy S-matrix elements. The decay of N* is connected
with its rest-frame dynamics, which are assumed irrelevant to the
excitation mechanism.

where

Go(*)=(~/2)'"LiFi( —
2 & 2)7 Gi(*)=~

G2(x) = (5/4) (7r/2) li2sL1F1(2,3; s)7,
G2(x) =-;ssLiF (i,4; S)7.
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' E.W. Anderson, E.J.Bleser, G. B.Collins, T. Fujii, J.Menes,
F. Turkot, R. A. Carrigan, Jr., R. M. Edelstein, N. C. Hien,
T. J. McMahon, and I. Nadelhaft, Phys. Rev. Letters 16, 855
(1966); and J. Menes (private communication). Data have also
been given by G. Cocconi et al. LPhys. Letters 8, 134 (1964)]
but these data seem to be inconsistent with the former data.' P. Bareyre, C. Srickman, A. V. Stirling, and G. Villet, Phys.
Letters 18, 342 (1965).

The ratios (8) then contain only one parameter (CI.)
for each $&~2* channel which may be fixed by norm»i7-

ing, at some value of 6, to the empirical isobar produc-
tion cross section. If R is independent of energy (a good
qualitative approximation), then these ratios are also

energy independent, as observed. 7

Assuming that 1V*(1400) and 1V*(1520) are I.=0 and
L= 1 excited states, respectively, the predicted cross
sections are plotted in Figs. 1 and 2. The data shown
are that of Anderson, et a/ 'for pp

—. & plVt~s"' over the

energy region 15—30 BeV/c. All available data points
are shown up to 6'=0.60 (BeV/e)'. In the regions

where data were taken, the agreement in slopes of

do/Ck is satisfactory. The second branch of the predicted
curve for 1V*(1400) does not seem to be consistent with

the lack of observed data beyond As=0. 15 (BeV/c)',
this disagreement is presumably a failure of the model

for this feature. A background could be responsible, or
it may simply be impossible to separate the 1400-MeV
and 1512-MeV isobars for 6')0.15 in this type of
experiment.

The association of L=O and L=1 with these two
1V* states is supported by available evidence from s-p

scattering phase shift analyses, which indicate certainly
J~= s for a resonance at 1520 BeV/c, and if there is a

10.
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Fro. 2. Model predictions (oq) and data (from Ref. 7) on
pp~ pEyp*(1512) cross sections. Elastic pp cross section at
30 BeV/c is shown for comparison.

' A. Vokosawa, S. Suwa, R. E. Hill, R. J. Esterling, and N. E.
Booth, Phys. Rev. Letters 16, 714 (1966).

resonance at 1400 BeV/e it is probably —,'+. These J~
assignments have been indicated in Figs. 1 and 2.

In the case of 1Vt~s*(1690), there is some doubt as to
the spin-parity assignment of the peak seen in the
experiments of Ref. 7. The more obvious assignment is
J~=-',+, since at least at 1688 MeV there is certainly
such a resonant state in s.p scattering. However, de-
tailed analyses' indicate also the strong possibility of
a highly inelastic J"=~ resonance at a nearby energy.
If the former state were to dominate the pp~ p1V», *
data, the model prediction would have the L= 2 shape
shown in Fig. 3 as os(-,+).This shape is in clear disagree-
ment with the 1690-MeV experimental data, indi-
cated in Fig. 3. If, instead, a —,

' resonance dominated
the 1690 region, the do/dt curve would have an X=1
shape, similar to ot(s )L1520$, as in Fig. 2. This
curve also does not fit the data. Thus the model fails for
the bump at 1690.

Finally, for 1V&~.*(2190) there is rather good evidence
from s.p elastic scattering and polarization data' that
J&= ~ is appropriate. This leads to L=3 in the droplet
model, and the prediction of Eq. (8) is shown as o.s(-,' )
in Fig. 4. The corresponding data points may be con-
sistent for 6'(0.20 (BeV/c)', but the data definitely
diverge from the prediction for 6 )0.20, indicating a
poor approximation for H(b) in this case.

The model for 1V*(s7 ) has, however, an attractive
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Fio. 3. Model predictions (o~) and data (from Ref. 7) on
pp ~ pNi~, ~(1690) cross sections. Elastic pp cross section at 30
BeV/c is shown for comparison. Normalization of model predic-
tion based on Regge recurrence hypothesis and 0-0 normalization
as in Fig. 1.

's V. Barger and D. Cline, Phys. Rev. Letters 16, 913 (1966).
'1 In nuclear physics calculations, the approximation (6) is

often bad for L, &~ 3; see, for example, Austern and Blair, Ref. 3.

feature which may be associated with the idea of Regge
recurrences. " Since this E* may be a rotational-level
recurrence of 1V*(ss )[1520], it may be hypothesized
that the radial wave functions may have the same
normalization in the excited-droplet model, i.e., C3= C~.
This equality was used in plotting o-3 in Fig. 4, and it is
apparent that it provides a reasonably good estimate
of the magnitude of the cross section for 0.10(iV&0.25
(l3eV/c)'

If the recurrence equality (C,=Ci) is taken more
seriously than the assumptions (6) and (7) leading to a
specific shape for EI(b), a shape-independent inequality
may be obtained between 0.3 and 0-&, which reads

o/so. t& s (equality in the limit 6' ~ 0) . (9)

This lower bound for CT3 is shown as the lower dashed
line in Fig. 4. The data points (3) for iV*(2190) lie just
above this curve; this indicated that the failure of the
naive model in this case may be caused by a choice of
H(b) which does not drop off rapidly enough for b ~ 0
(corresponding to the larger i),' behavior of do/dt)
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Fio. 4. Model predictions (o&) and data (from Ref. 7) on pp-+
pNq p~(2190) cross sections. Elastic pp cross section at 30 BeV/c
is shown for comparison. Normalization of model prediction
(solid curve) based on Regge recurrence hypothesis and or
normalization as in Fig. 2. Values of 8o-1 are shown for comparison
with the "shape-independent" sum rule 0.3&~ -,'r1 discussed in text.

Correcting this feature may also allow o-& to come into
better agreement with data, especially if mixtures of
L= 1 and L=2 matrix elements are considered.
II: Summarizing, the model in its most naive form Lusing

(6) and (7)g provides a satisfactory explanation of the
difference in slope of do/dt observed in X*(1400) and
iV*(1520) excitation compared to elastic scattering,
within the framework of an excited-droplet viewpoint.
The cross section for N*(1690) is not explained, but this
is probably not a simple single-resonance inelastic
mechanism. The predictions for $*(2190) are not very
good from the naive model, but the absolute normaliza-
tion in this case can be computed from a Regge recur-
rence hypothesis, and the associated inequality (9) is
satisfied. The correspondence between coherent pro-
cesses (no exchange of quantum numbers other than
angular momentum) and asymptotic constancy with
energy of cross sections is a natural feature of such a
model.
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F. Coester.


