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Summary. — In this work we deal with motion and collision of rela-
tivistic wave packets. Starting from space-time definitions of the experi-
mental observables (cross-sections, space-time shifts, ete.), we get their
expressions in the energy-momentum representation, by using some
Fourier-transformation techniques, thus generalizing some previous (non-
relativistic) results to the case of two relativistic spin-zero interacting
particles. We notice that wave-packet spreading iz often very large and
cannot be neglected, as one usually does; but at the same time we show
that the observable quantities do not commonly depend on spreading,
blending or « smoothing ». As an application, we calculate the time dura-
tion of some interactions at different energies.

1. — Introduction.

It is well known that the various methods, which are commonly used in
the quantum theory of relativistic collisions, seem rather artificial, as in general
they do not consider time development, and describe monochromatic waves,
infinite in space and time.

Many Authors have therefore studied nonrelativistic collisions introducing
wave packets into consideration. For instance, in ref. ('¢) it is developed a

(*) V. 8. OLEHOVSKY, on leave of absence from the University of Kiev, Kiev.

(1) D. Boaum: Quantum Theory (London, 1954).

(?) M. L. GoLDBERGER and K. M. WarsoN: Phys. Rev., 127, 2284 (1962).

(®) M. L. GoLpBERGER and K. M. Watson: Collision Theory (New York, 1963).

() M. Froissart, M. L. GoLDBERGER and K. M. Warson: Phys. Rev., 131,
2820 (1963).
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SPACE-TIME SHIFTS AND CROSS-SECTIONS IN COLLISIONS ETC. 611

wave-packet description of nonrvelativistic scattering, valid for a very narrow
initial energy spread, and the space-time shifts of asymptotic scattered packets
are calculated by using the stationary-phase method. Besides, in ref. () a
rather general wave-packet theory of nonrelativistic scattering is presented,
in which the expressions for averaged cross-sections and time delays (or ad-
vances) are produced and in detail discussed, and the influence of the initial
conditions on the observable quantities is emphasized. One of us, in previous
letters (%), began to consider the phenomenon of wave-packet spreading, and
its influence on some experimental observables,

The aim of this work is to generalize to the relativistic case the theory of
wave packet collisions (with the aid of some Fourier-integral techniques); we
have carefully investigated the problem of defining and caleulating cross-sections
and space-time shifts; some values of time shifts for concrete examples have
been calculated too.

For simplicity, in this paper we limit ourselves to spin-zero particles, so
that we can use the solutions of the free Klein-Gordon (K-G) equation to de-
scribe their asymptotical motion.

2. — Space-time desecription of relativistic plane-wave packets.

As is usual in the wave-packet relativistic treatments, let us examine the
collision processes, introducing initial plane-wave packets, as prepared e.g. by
sending entering particles through some collimating slit.

‘We choose natural units (numerically: #= ¢= 1), and the metric (4 ———).

By definition (owing to the hypothesis of linear superposition of the free
K-G solutions), for the initial relativistic plane-wave packets, describing
the bombarding (free) particles, we use the Lorentz-invariant expression
(being x = (2, ¥, 2, 1))

(1) P (x) = f ipd(p*— m*) @(p,)g(p) exp [— ip-x] =

d ,
=f_2_p}.: g(p) exp [i(p* x — pot)],
+

where the last integration is confined——as it is understood in the following—
to the positive energy range (po—-: +Vpi4+ mﬁ), m and p are respectively the
incident particle rest-mass and momentum, and ¢(p) is the wave-packet scalar
weight function (e.g. due to the « monochromator » slit). Usually, for the ex-

(5) T. OaMURA: Progr. Theor. Phys., Suppl. 29, 108 (1964).
(%) V. OLEHOVSKY: Nuovo Oimento, 48 B, 178 (1967); 50 B, 392 (1967).
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612 V. 8. OLKHOV3KY and E. RECAMI

perimental width of the weight function, one has: [Ap|] <« |p|]. We notice
that we do not need to introduce «localized » wave functions, because (instead
of using the co-ordinate-operator eigenfunctions) we are considering quadra-
tically-integrable wave packets—so that our free particle can be localized, in
positive energy states, with any degree of accuracy (78).

As in the following, we assume the invariant normalization (8)

(2) (", p™)e= fde(xn)(x)aoW(xn) = (2n) f“‘E lg(p

The symmetrized expression for the corresponding flux-density of the initial
K-G particles, in the entering direction 2z (the z-axis going from the slit-center
to the scatterer-center), is

1 >
(3) JiV(x) = omi (Wi 02 Y 1) =

l P+ ps

dp dp’
Re| 2 F gt g(p) B2

2P0 270

exp [i(p—p’)-x] .

Let us now calculate the mean flux-density of the initial particles (through
a detector « window »), averaged on the work-time v and on the effective work-
area S of the « detector ». We have (?)

4) (@) = [ 7

sx

)

) da:dj s f w dzdy dt
s Sv

where the second. step is justified by the fact that generally 8 and 7 are much
greater than the wave-packet cross-section and time-duration respectively.
One can easily foresee that expression (4) does not actually depend on the
detector position, ¢.e. on its co-ordinate z, owing to total probability con-
gervation. Substituting formula (3) into (4), we get

1
= omlt’

d
() gy = 21 f Llgp

(?) See for instance: D. I. BLOKHINTSEV: On a Localization of Relativistic Micro-
particles in Space-Time, preprint P-2631, J.ILN.R., Dubna, 1966 (in Russian) (*).

(*) Note added in proofs. — See also D. I. BLOKHINTSEV: Macroscopic Causality,
preprint 1C/67/36, I.A.E.A. (Trieste, June 1967).

(®) See e.g.,: 8. S. SCHWEBER: An Introduction to Relativistic Quantum Field Theory
(Evanston, Ill.,, 1961). Alternatively, for convenience, we shall write the labels (in)
and (sc) either up or down.

(*) Analogously, one can define and calculate the other components of <J>, but
they have here little interest.
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SPACE-TIME SHIFTS AND CROSS-SECTIONS IN COLLISIONS ETC. 613

where we have used the integral representation of the delta « funetions» and
their properties, in particular the following relation:

(p.—p:) | 8(p.+p:)  (p,— pi)

6 8(po— pi) = =
© (Po=po) [P/ Dol [— D:/Dol v,

(note that p, and p, are always positive, according to our eonventions, for
physical reasons).

Let us now follow the motion of a single particle, 7.e. of a single wave
packet. We have to consider its mean space co-ordinates, at fixed time ¢, and
its mean time co-ordinate, at fixed z (19).

For the mean duration of the packet motion from the slit to a distance z,
we define, following OHMURA,

[Jimtdt da dy

(7) A= T — _-.szJ;wazaxa
T re drde dy v

where we have averaged on the time extension of the whole packet in the
z-direction (or on the detector work-time, if this is less than the previous one)
and precisely on the different time extensions of our packet corresponding to
the different points of its cross-section (or of the counter window area, if it
is less than that « cross-section ». For simplicity, we may assume the window
to be plane and perpendicular to the z-axis). But here, as in the following,
we suppose that the detector work-time and work-area are very large in com-
parison with the packet dimensions, so that we can integrate over infinite
ranges (and use the simplifying mathematical tool of the Fourier-transfor-
mations).
Thus, observing firstly that

(8) exp [ip-x]t exp [— ip’-x] = %exp [—i(p— p)-x]-
“(exp [ipot] 0y, exXp [— ipot) — exp [— iPot]Ds, €xD [ipot]) ,

integrating secondly by parts, then deriving and simplifying by taking into
account that the weight function and its derivatives are quadratically integrable
(e.g. they tend to zero at the integration-domain contour), and remembering
the integral representation of the delta functions, their properties and for-
mula (6), we get finally

d
9) <t(2)>“n):f2—;) lg(p)lzay.{al“g g(p) + 2p.} = At + 2407 Dmy -

(%) In this Section we choose the slit center to be situated at z=0.
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614 V. S. OLKHOVSKY and E. RECAMI

Evidently, the quantity {4t} is the mean time-shift caused by the initial
devices.

Let us now consider the wave-packet mean space co-ordinates, at arbitrary
time t; we have (p,/p, = v.)

frmxax

R T

__ [dp/2po)2.lg(p)I* (vt — 3, arg g(p)]
[(dp/2po)v.lg(p)?

= {VDam— AX) ),

where it is easy to see that the quantity {Ax),,, is the space shift caused by
the initial experimental conditions,

Comparing the results (9) and (10), one can easily observe the fact that in
the wave-packet description we cannot consider the packet average position
and average motion-time simultaneously. If we choose as a free parameter the
space co-ordinates or the time co-ordinate, the remaining quantity is defined
by the value of the first one and by the packet structure (and results as a
mean value, with a mean fluctuation of course).

To get formula (10), we have used the relation

L ., ¢ . ,
(11)  exp[ip-x]x exp [ ip’-x] == — 5 exP [i(Po—po)?]*
‘[exp [—ip-x]0, exp [ip’-x]— exp [ip’- x]0p exp [— ip-x]]
and have then followed the previous procedure (i.e. the one we used to get (9)).

Now we have to calculate the effects of spreading on the plane-wave pack-
etg, that is to say the dependence on time of the quantity

(12) <(Ax)s>(m = <xz>(1n) - <x>(=ln) .

We already know <{x},; to calculate {(x2),,, we use the relation

(13)  explip-x]x* exp [~ ipx]=— exp [i(pa—pé)1]-

az

. ., , a? .
. [exp [—ip-x] —a—l;,—,exp [ip’'-x]+ exp [ip-x] a}—zexp [— ’Lp'x]]

and then follow the usual procedure, now however integrating by parts twice.

-
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SPACE-TIME SHIFTS AND CROSS-SECTIONS IN COLLISIONS ETC. 615

We get (v = p/p,)

, JI x2dx
(14) X gny = fJT"dxm =
[(@p/2po){v.v2lg(p)|*t[t— (v]v*) B, arg g(p)] + pivs| (Bp(9(p)/po))*|}

J(dp/2po)o.l9(p)I?

3. — Space-time description of relativistic scattered wave packets.

Let us now consider the physical case of a flux of particles (with rest mass m)
bombarding a target, at rest (**) in the laboratory, and producing some final
particles. Let us imagine to detect only final particles of a certain type (with
rest mass ). We can limit ourselves to examine, long before the interaction,
the entering plane-wave packets (1), and, long after the collision (near the
detector), the wave packets:

(O TRV dP i‘l“‘ e w
(15) PpOUX) =~ J T g(p)+ 7 g(q)f(p, q) exp [ig-X],

relative to the considered final (free) particles. In formula (15): q is the final mo-
mentum; f(p, q) is the transition amplitude (**) from initial plane waves with
momentum p to final plane waves with momentum q; and §(q) is the final-
particle « detector weight », including angular and energetical detector resolu-
tions ('3).

We have chosen the c.m. frame of reference, and the space axes &, ¥, Z so
that Z goes from the collision center {(Z = 0) to the detector-window center;
we have now: X= (&, ¥, &, t). Obviously, using final plane-wave packets is jus-
tified by the fact that we are interested only in the waves reaching the detector
window (at distances r much bigger than the interaction radius); in particular
after the « window » we would meet a situation similar to the one after the
monochromator slit.

(1) Were it not at rest, we ought to consider also the momentum distribution of
these second particles.

{(12) As usually, we do not consider the final-state particles with ¢=p.

(1*) We can neglect the possible impulse-energy spread, due to eventual inter-
actions between scattered particles and « window » edges. Such wave-diffraction may
be neglected e.g. if the detector energy resolution is not befter than the monochromator
one: in this cage the weight § does not depend on |g|. The detector weight function
could be normalized in analogy to formula (2).

=)
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616 V. S. OLKHOVSKY and E. RECAMI

We have now to define the cross-section for unit solid angle (mb/sr), av-
eraged for outgoing particles inside the small solid-angle defined by the detector
angular resolution (4):

fJ‘“’(r, t)dzayas
[7¢20, 1)t

(16) Lo(p, q)>

’

where J$¥(0, ¢) is the initial flux-density in the interaction-region center (%),
and where in the numerator and in the denominator we integrate on the space
and work-time extensions respectively of the detector and of the « source ».
Easily (here p.'= py—p! — p.* —m®)

f:‘n’(o t)dt——Rfﬁ’dp.dp,dp,dp”"“’ 7P g(p) -

Again the integrations may be extended from — co to oo, as generally the
space and time extensions of the wave packets are not larger than the detector
or source ones. We may resort to Fourier transformations and follow the
same procedure we used for the initial packets. For instance we would get

7  JeNE, §,2)=
dg dq’ dp 4 o + g% , -
=7’7£Ref2qq quo ~zf: 2? (p, q)F(P,q)q’ ¢ exp [i(¢— ¢')-X],
where
(18) F(p,q)=9(p)§(q)f(p, q) .

Finally we have, in the impulse representation,

m (27)* Re[(dq/2¢.)(dp/2p,) (AP’ |2p5) F* (p, ) F(p’, q)
7 Re [(dpo/2p*) dp.dp, dpsdp}((p.+p0)/2)g* (P)I(P'lries,

(19)  <Lo(p, q) =

In the particular case of elastic scattering with broad initial packets, when

(20) 9(p)=V'2p,9(p,) 0(p.) 6(p,)

(%) Without limiting the generality, we assume the space and work-time exten- .
sions of the detector and of the source to be the same. We might replace the
denominator of formula (16) by the expression: (1 /.Z,n,)jJ‘,‘“’ dzdydt, %, being the
cross-section of the initial packet near the interaction region. Analogously in formula (19).
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and when (12)

- V4Dego ~
(20") jlq) = l;’[q (lpl— Iq!) §(£2y)

-~ 4 oYo 7
19(q)|*= %;q- o(lpl—lql)o(p:— zr»,)-I

I;);"lg(gq)P’
whe have (here |p|=p, and p,= ¢,)

, m fdpz d£2,)9(p.) g('Qq)j P Q)
(19") (oolp, @) = = @) [ap.lg(p

where the denominator is a constant.
At this point we have to generalize expression (7) for the mean motion
time for the scattered packets. We get, following the usual procedure,

JJif”tdt dzdy

(21) BDuw="F—"—=
T [rgarazdy

Ref dp/2p,) (dp'/2ps) (q/2ge) {F*F" (Z]v7) + ( (1/2i) F*3,,F")

Re|(dp/2p,) (dp’/2ps) (dq/2q,) F* F'

b

v= |q|/g, being now (in this Section) the phase velocity corresponding to the
final momentum q. Further

(22) P = (P, q); F’EF(I’I) q)'

Formula (21) may be rewritten more compactly as follows:
(23) <t>(.c)= Z <?);‘1> -+ <At> ’

where the term (Af> has the clear physical meaning of time shift (delay or
advance) produced by the collision and by the initial and final experimental
devices.

In the particular case (elastic scattering) represented by (20) and (20'),
expression (21) transforms into

dp.dQ 7 ) 5+ O . )
@) i, 1B A2l9@) I (P, s + Bulareg(p) + are(p, @)D

]dp d2l9(p.) 5D (P, PI*

’

where the time shift produced only by the interaction is now

N
AL gary = <&EI%_&_'I_)> .
o
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618 V. S. OLKHOVSKY and E. RECAMI

Then, we generalize expression (10) of the mean wave-packet spatial co-
ordinates; again with the usual procedure we get

o5 B fJ}'“’xdx
( ) <x>(lc) = W&—X_ -
_ Re[(dp/2p)(dp'[2p})(2q/200) vz [F*F'vt — (1/20) F*3, ']

Re[(dp/2p,) (dp’[2p;) (dq|2¢0)v; F* P

Expression (25) may be rewritten briefly as
(26) (X = {VE) — (VALY +- (389,) ,

where 1 means perpendicular to the direction of », and
1 .59 .
3D >= (- 5 B0, F } + (oAt .

The last two quantities of formula (26) give the space shifts, produced by the
collision with influence of the initial and final experimental devices.

In the particular case (elastic scattering) represented by (20) and (20'),
we have

[ap.42,9(p) §(2)1(p; @I (o1~ v Atiay— 2 18 g7+ 3 100}
fdp; dgqlg(pz) _?)'(.Qq) f(P, q) 2

(27) <x>(lc) =

ki
where the trasversal space shift produced by the interaction is now

o arg f(
(28) <8@_L>(lnt) = (— _i{_qli‘_lj) + {v-Atyayy -

At this point, we calculate the effects of spreading on scattered wave packets.
Following the same method we used in the initial case (formulas (12) and
followings), it is easy to generalize the last results of Sect. 2. For instance

(29) <(Ax)2>(lc)=
_ Re[(dp/2p0)(dp’[2p5) (dq/200) v5 (v [LF* B + (6[2)(F3 35 F)] + 430, F3 -0, F}

= L — (XD
Re[(dp/2p,) (dp’[2p4) (dq/2q0) vz F* B -

where

(30) Fy=F*(p, q) exp[—iqt], F,=TF(p', q)exp[+ igt].
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4. —~ Conclusions and applications.

First, we can see that-—besides the interaction dynamics-—also the initial
and final experimental conditions (which are defined by the weight factors ¢
and §) influence the physical observables (cross-sections, mean space-time
shifts, ete.). Of course, in most practical cases, the interaction-dynamiecs role
is very important. But it is possible to imagine cases when the energetical
resolution is AF > I, where I is an energy interval corresponding to a notice-
able amplitude variation, or when on the contrary AE< I". In these cases,
information about cross-section energy dependence or about collision lifetimes is
insufficient, as in the first case the experimental cross-sections, averaged on AE,
fail to reveal possible resonances of other strong energy dependences, while
in the second case the information about time shifts is lost in the great
packet time extension.

Another important point we want to clarify is the role of spreading in the
real experimental situations. For example, if one considers a weight function
of Gaussian type, it is possible to show (?) that, if the parameter e= #t/2mw? > 1
(where w is the initial length of the plane-wave packet), then spreading is very
large. And, examining for instance the collision of two nucleons, with an
entering laboratory momentum of 1 GeV/e, energy resolution AE= 10-2 GeV,
and a laboratory distance of 10 cm between the target and the detector, we
find in the c.m.s. the (dimensionless) « spreading parameter »:

-t [AE\?
=—|—]) ~1. 10
(31) P %m(v) 1.7X1010>1,

v being the packet c.m. group veloecity. Thus, in contrast with the usual
assumptions, one can often consider spreading practically almost infinite. But,
in spite of this, the spreading in the recent day’s experimental situations
does not influence the observables, as can be seen from their expressions in
the impulse representation.

In fact, during the motion, a packet space-redistribution ocecurs, due to
spreading and smoothing with time (**). For example, if we have two packets
with almost no space overlapping (*¢), one can write initially (supposing we

(3%) If the same scattering reaction can proceed via various prompt and delayed
processes, also the interference between them (depending on the initial superposition
region too) will cause a new space-time redistribution of the wave packets (i.e. their
gpectral redistribution with time).

() This case in particular seems to be realistic in the field of nuclear physics,
where sometimes after a collision one has two wave packets, corresponding to a direct
collision process and to a compound-nucleus process respectively.

<
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620 V. 8. OLKHOVSKY and E. RECAMI

may use formula (19"))

(32) <00y ¢ = [dp, 42, (I1L}* + [sl*)195]* ,

s

where f=f,4f,, and [dp,dQ|g§|*fif,=0. With time, their spreading pro-
duces a blending of the two packets, but, owing to total probability conserva-
tion, fJ‘“’(i', t) d#d7 dt= const, the value {o,> will remain the same.

Thus, even if the packet space redistribution with time corresponds ob-
viously to a new spectral redistribution of the reaction amplitudes, the general
values of (o>—and analogously of the other observables, like (Ax> and (At)—
will not change.

From the point of view of the collision lifetimes, we can observe the fol-
lowing analogy between nuclear physics and elementary-particle physics, neg-
lecting electromagnetic interactions. In nuclear physics, processes can roughly
be divided in two classes: the prompt processes, corresponding to «direct
interactions » (With lifetimes of the order of (10-2¢—=-10-23) s) and the delayed
processes, corresponding to formation and subsequent decays of a « compound
nucleus » (with lifetimes of the order of (10-2*:-10-4)s, and sometimes even
much more). The direct processes are interpreted as strong nuclear interac-
tions, with participation of few degrees of freedom; while the compound-nucleus
ones are interpreted as a consequence of the partecipation of very many de-
grees of freedom.

In elementary-particle physics, we have «strong processes » (with lifetimes
(10-2¢-10-22) 5) and « weak interactions » (with lifetimes A 10-'° s, and some-
times even much more). If we accept the elementary-particle composite mod-
el (¥7), we are led, by the analogy, to suppose that in strong interactions only
few internal freedom degrees are involved, while in the weak ones a lot of
internal degrees of freedom participate to the reactions. We add that, in the
fields both of elementary particles and of nuclear physics, the relative pro-
bability of strong (direct) interactions with respect to weak (compound-
nucleus) reactions increases with energy.

For the future, it seems interesting to investigate for instance the role of
the relativistic wave-packet formalism in the description of some final-state
interactions (such as the ones with triangle graphs), with the additional aim to
obtain information about the lifetimes of intermediate unstable «particles »
or resonances.

At last, let us calculate—for exemplification—some values of time shifts,
as an application of what precedes. Let us remember the Lorentz-invariant

(17) For instance the Sakata model or the quark models.
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SPACE-TIME SHIFTS AND CROSS-SECTIONS IN COLLISIONS ETC. 621

expression of the amplitude for elastic scattering of spin-zero particles:
1 2 .
(33) f(0) = Pl > (21 + 1)e*% 8in 8, B(cosb) ,
1=0

where §, is the phase-shift for the I-th partial wave. If only one partial wave
contributes (and the inelastic channels are closed), we have (8):

(34) argf==arctg tgé = 9;

and if the packet-spectrum is narrow, we conclude that the time shift produced
by the interactions is
ficargf oo
(35) <At>(1ng)~ -&' —apT“ == ﬁ a—E— y
where E = cp,.

To illustrate some examples, as this work is concerned with spin-zero par-
ticles, let us refer only to s-waves and to their partial time shifts. In fact, in
elastic processes with I= 0, spin plays no role. It is evident that our follow-
ing caleulations have a realistic interest only when the elastic partial s-wave
dominates all the reactions.

TaBLE 1. — Time shifts (advances) in the c.m.s. for the s-wave elastic K*p scattering (1°),
at different K* laboratory momenta (*°).

lab Pr (MBV/C) c.m. <At>(hﬂ) (10—” s)

: ~ 160 —4.7 #
190 —1.9
215 —20
250 —0.9
310 —2.1 ,
440 _15 i
580 —13

(18) If the inelastic channels are not closed, or the elastic scattering does not domi-
nate all the reactions, the phase shifts are complex (ag is well known): 8,= o; + ;.
Then formula (34) reads: arg f,= arg (1—48,), where: §,=exp[2i6,]=exp [—28,+ 2ix,].
Analogously in formulas (35) and (36).

(1?) S. GoLDHABER, W. CHINOWSKY, G. GorLDHABER, W. LeE, T. O’'HALLORAN,
T. ¥. Strusss, G. M. PseErrou, D. H. Stork and H. K, TicHO: Phys. Rev. Lelt., 9,
135 (1962).

(3%) The data on particles are taken from: A. H. RosENFELD, A. BARBARO-GUAL-
TIERI, W. J. PopoLskY, L.. R. PricE, M. Roos, P. Soping, W. J. WirLLs and C. G.
WoHnL: Rev. Mod. Phys., 39, 1 (1967).

-
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622 V. 8. OLKHOVSKY and E. RECAMI

TaBrLE II. — Time shifts (advances and delays) in the c.m.s. for the s-wave elastic N’
scattering (**), at different laboratory kinetic energiecs of the entering pions. T means the
(total) wN>-isospin (20).

lab B, e.m. Ay, (10728 8) lab E, e.m. {AtDyny (10-2 8)
(MeV) =% (MeV) T=}%
~ 28 — 1.3 ~ 36 + 04
34 4+ 0.3 51 — 0.2
39 — 1.8 80 4 0.4
51 — 0.7 109 — 0.3
72 — L5 135 + 0.7
90 + 1.0 158 — 0.3
109 — 0.9 195 + 0.2
135 — 0.5 236 + L7
158 — 5.1 259 + 0.6
168 + 2.8 290 + 0.7
173 + 1.3 340 + 0.7
188 4+ 4.0 390 + 01
212 — 4.0 430 + 2.5
236 — 0.8 470 — 0.8
259 — 0.1 512 + 0.7
290 — 1.1 542 +11.5
340 — 0.8 565 + 14
390 — 0.5 591 —11.3
430 — 0.6 625 — 6.2
470 — 0.2 674 — 4.2
511 — 0.1 722 (M) —11.1 + 7.6
542 — 1.4 Y R +12.9 + 6.4
565 + 0.6 821 () —32.2 +-22.2
590 + 0.03 858 (%) + 6.4 — 5.9
625 + 0.8 885 (*) +13.7 + 7.1
874 + 0.6 925 (*) — 1.9 4+ 2.5
723 — 34 970 (*) + 0.2 4 0.6
771 — 5.8 1069 (*) + 1.0 + 1.0
821 + 1.5 1188 (*) — 7.7 — 7.7
858 —12.5 1269 (*) — 2.0 — 2.0
885 + 1.6 — —_
925 + 5.3 — —
970 — 5.6 — —
1019 — 3.1 — —_
1138 + 0.7 — —_
1270 + 0.7 — —
(*) The two time-shift values correspond to the solutions 1 and 2; see ref. (*2).

(31) A DONNACHIE: Pion-Nucleon Phase Shift Analysis, in Particles Interactions at
High Energies (Scottish Universities’ 1966 Summer School), edited by T. W. PrEIsT
and L. L. J. Vick (Edinburg, 1967), p. 330.
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Firstly, we shall consider the elastic K¥p scattering, which from 140 to
642 MeV/e has been interpreted as an s-wave process ('*). The c.m. time shifts
(advances), calculated at different Kt laboratory momenta by formula (35),
or better from its approximate version

(36) At oy 2 1o 2_;] ’
are reported in Table I. The data are taken from ref. (19),

As a second example, we want to consider the « classical » elastic ©N° scat-
tering, taking the phase-shift data from ref. (*1). The c.m. time shifts (advances
and delays), calculated by formula (36) at different laboratory kinetic energies
of the entering pions, are reported in Table II and refer to partial s-wave scat-
tering. In Table II, T means the (total) mN’-isospin. Owing to the unknown
approximation introduced by substituting the phase-shift derivatives with
«incremental ratios » (formula (36)), it is not possible to add the main errors
in Tables I and II. But we emphasize that sometimes the phase-shift standard
deviations too are enormously large (). In the (c.m.s.) energy region of a nar-
row Breit-Wigner « resonance », with width I', when f,= AI')2(E,—E —il'|2)
and §,=arctg (I'/2(E,— F)), we should find, in particular, the known for-
mulas
irj2 2F

Atl(E) = (E—' Exjé—‘*“ 112/4 ’ Atl(Eﬂ) = T ’

and, if the experimental resolution is much bigger than I,
<At>1= ﬁ/P.
* ok K
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RIASSUNTO
In questo lavoro si considerano moto e collisione di pacchetti d’onda relativistici.
Partendo da aloune definizioni spazio-temporali delle osservabili sperimentali (space-

time shifts, sezioni d'urto, ece.), si ottengono le loro espressioni nella rappresentazione
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degli impulsi, con I'ausilio di tecniche delle trasformazioni di Fourier. Si generalizzano
cosl alcuni precedenti risultati (non relativistici) al caso dell'interazione di due parti-
celle relativistiche a spin zero. Si osserva che non & lecito trascurare — come di solito
si fa — lo spreading dei pacchetti d’onda nel loro moto, dato che al contrario esso &
sovente molto grande. Nel contempo perd si dimostra che, ciononostante, le quantita
osgervabili nelle usuali odierne situazioni sperimentali non dipendono né dallo spreading,
né dai «blending » e «smoothing » del pacchetti. Come applicazione, si calcolano le
durate temporali di alcuni processi d’interazione a varie energie.

O nmpoCTPARCTBEHHO-BpeMEHHBIX CMElIeHHAX
H cedeHHsX B ClyYae CTOJKHOBEHHH PETATHBUCTCKHX BOJIHOBLIX HAKETOB.

Pe3rome. — B Hacroamiet paboTe HccneayeTcs OBHXXCHHE U CTOJIKHOBEHHS DE/IATHBH-
CTCKHX BOJIHOBBIX IIakeToOB. Vcxomss M3 mnpoOCTPAaHCTBEHHO-BPEMEHHBIX oOnpenesieHu#
HabmonaeMeIx (IPOCTPAHCTBEHHO-BPEMEHHBIX CMEILCHHN H CeYeHmH), MBI MONYYHIH C
MOMOIIBI0 NPOCTOM TexHMKH ¢ypbe-npeoOpa3oBaHHil BHIPAXEHHUS HJIS 3THX BEJIHYHH B
NpEICTaBIEHNH HEPTHKM-MMITYNIbca, 0000Ias, TakuM 00pa3OM, H3BECTHblC HEPEIATHBH-
CTCKHE De3y/bTaThl Ha CAydall peIATUBACTCKHX YACTHI CO COHHOM O, CneayeT OTMETHTh,
YTO IpeHeOpeXeHHAE paciUIbIBAaHHEM BOJIHOBBIX MAKETOB 32 BPEMA MX IBIKCHHS HA pac-
CTOAHHUAX MOpsAKa JAa0OpaTOPHLIX HE ABNAETCA BCErHa OMpaBRAAHHLIM. Hamportws, oHO
JOOBONBHO 4acTo OYEHb BENHKO. B TO e BpeMs IIOKA3aHO, YTO MUC/ICHHBIC 3HAUCHHS
HaOMmoOaeMbIX BEHYHH HE 3aBHCAT OT DACIUILIBAHMS, CMEMHBAHMA H « CIIAXWBAHAA »
NaKkeToB. B kayecTBe HPUIIOKCHHS MBI BLIMHC/IMIM BPEMEHHBIE 3aJEPXKH (ONEpexeHHs)
O HEKOTOPBIX THIOB CTOJIKHOBEHHIH.
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