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THE RELATION BETWEEN SCATTERING AND-ABSORPTION
IN THE PAIS -PICCIONI PHENOMENON

' - ~ Myron L. Good

Radiation Laboratory
University of California
Berkeley, California

- October 23, 1956
'ABSTRACT

: The expreaaious for the 9 and 9 amplitudes in a2 beam of neutral 8
mesons traveraing an absorber are put in terms of forward- acattering
‘ amplitudes. It is diecovered that a phase-shift term as well as an absorption
term is needed to describe the regeneration of 91"3 in the unscattered beam.
A simple relation is derived between the intenaitiaw of the above proceas
_' and of the 91 8 regenerated by scattering. Experimental veriiication of the
. relation may give additional information about the nature of the neutral K's.

J
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THE RELATION BETWEEN SCATTERING AND—ABSORPTION
IN THE PAIS-FICCIONI FHENOMENON

Myron L. Good

Radiation Laboratory
University of California
Bgrkeley, California

October 23, 1956

INTRODUCTION

> " The "'particle -mixture" hy'pothesxs of Gell -Mann and Paxal led to the
prediction by Pais and Piccioni of a startling phenomenon. the regeneration of

. short-lived 91 mesons in an absorber placed in a beam of long-lived 6, mesons.
There seem to be two mechanisms of regeneration: (a) regeneration by 8cattcr1ng,
in which the e and 50— components of the 02 scatter differently, thus giving rise

to a 91 &oﬁ:ponent in the scattered beam; and (b) regeneration by absorption'. in’
which the composition of the unscattered beam changes with depth in the absorber,
so that an unscattered 91 component develops, This note is a discussmn of the
interrelation of these two phenomena. '

It is found that there is a simple relation between them, at least for small

absor‘ber thlcknesaes. The concept of the complex index of refraction of the ab.aoroer
for the 9 ‘and for the EG proves useful. (This is the index of the absorber as a
vwh}ole. in the sense of slow-neutron optics or light optics, rather than the index of
the interior of the nucleus, as in the "optical model" of nuclear scattering.)

DESCRIPTION OF UNSCATTERED BEAM

' »Firstv. w.é"need a description of the compositién of the unscattered beam.
A recent paper by K, Case3 has developed the equations governing the time
dependence of the amplitudes 6y and s, of the 6. and 9 states in traversing an

1
abgsorber. We refer to Case's paper for the deta;ls of the derivation; Wwe will

T M. Gell -Mann and A. Pais, Phys. Rev. 97, 1387 (1955).
2 A. Pais and O. Piccioni, Phys. Rev. 100, 1487 (1955).
-3 K. Case, Phys. Rev. 103, 1449 (1956). |
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deal only with the differences between his treatment and ours.

. In treatment of strong interactions, the 80 66- representation is the more

useful, If a o° O Bare the amplitudes for 60 6U- i.e.,

lbaao 90+n6-3v .

" then the spatial behavior of these amplitudes in the abasorber is determined, as
far as the atrong interactions are concerned, by their forward-scattering amplitudeb.
just as the amplitude of the electric field of a plane wave in matter is determined

.in_ ordinary optica:4

fa, [ o . |
LA 3“; A%0) +1 kag ' (1)
ax ke ' N |

865" o [ 27N ﬁ’

8 _k :
where- x = coqrdinm“e_halo'ﬁg;the beam,
N '= number of.nuc'lei pﬁer cm3
K = wave number in free mpace., ‘and :
A (ob) A (@B complex scattering amplitude for 60, QU., scattering through angle
' $ (¢ = 0 for forward scattering). T
" These equations are equivalent to @ayﬁng that there 13 2 complen index of re-_

- ‘fraction for 9 gnd ‘01' 9 &

uonu;z;;‘f?A(m.i @

S nu.au?;%‘l'ﬂm

% See, for instance, Lax, Reve. Modern Phys. 23, 287 (1951). The scattering

-amplitudes involved in Eq. (1) are those for elastic scattering only.
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so that we have

80.0 o _ :

..é..._- = inokao » and - o - (3)

x : S :
Sa )
_..._..8 = 1nU' knv L]
%
The imaginary part of the forward-scattermg amplitude is related to the

total crose sectlon by the "optzcal theorem," '
0 an
atotal = .1:.. Im(A (0)) B , | oo (4)

| o;otal éf' Im (_U(o))’
_ Thus the imaginary part of n describes the attenuation of the beam, ‘ as
. governed by the total cross section (not the absorption cross section). '
- The real part of n ‘describes the De Broglie osc:llal:xons of the waves, F or
n =1, this gives the free-space wave number. so that the real part of n-1, or t’ne
~ real part of A(0), descr;bee the phase shift of the wave relative to its behavior o
in free space. ' o '
B  In general, the real and imaginary parts of A(O) are of the same. order of
" magnitude. . Therefore, ‘the phase shifts involved are on the order of radians per
nuclear mean free path, or radians per inch. Ordinarily. one would not bo in-
terested in such a small phase shift; however, we are here concerned with a
coherent linear combination of two states. This small phase shift affects the
coherence. and therefore is important. ‘- : '
Including the effect of the weak inte ractions. and changing to the 61. 62
representation in the same manner as Casge, we obtain. for the equations of

-

motion of ay °2‘



) n,+n n, - n, - |
a ,_-l-lpcy(..ﬁ_z_ PSY (i ki R o (IS W I
dt A 2 ) 2 /) L eyTy h
—— 0y =ifel {————— oy + 1 Pl b ——— ) A,
dt - 2 . 2 JouT eyT, ) T

! '_whel'x*é Bc =‘”.'velocity of partiéi_e_;

-t - =laboratory time -
d . B
e s Bc — = totdl time derivative evaluated at a moving point
at’ o o . &x - . ’ . .
Rz .é(l -87)

1 2-— De Broglie frequenciea of 61. 9 partzcles,

“'.auol Z) z "' ();{kc) + (ml ZC ) 4 La‘nd

'z'z proper mean life for decay of 9l 2"

: : 5
,x he CI.'OS-.a terms linking the a 1 and ey equatione deperm on: the dr’ference in

'mdex of refraction (or difference &in forward-scattering. amplitude) for the
00, -55 componenta. |

: This treatment makes it clear that the regeneration phenomenon depend.; on
! the. d1fference in total cross section:.and on the difference in phase shift of the
‘ -.60 e waves. rather than on. the difference in absorption cross ‘section, . -

' The solution of these equatione,vin Case 8 notation. is-

S O\ [0,(0) - Ra {00y = ~Agt /1y a,(0)-Ra O\ At /o)
| a(t),;(l ) (1 T Ra0 - 1.1_._+( 73 21 )e 2 (R)’.(é)
e/ g2 ) AR Naers )
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where

Xl = w+A,
xznw"Al
S S 00\
' ‘ : A2 1 1 (11 :
ﬁCk (no “nU') . . 1 Y - + 2;(;-2—— ;,-—;)+2A |
R = 070 =T "
W, W / \ _ : . ;
ﬂ(mz_m__a.,)s.._z_.i. vza \ ety - g
Yy Jy\T, T /) | o
W = 1 i(w +w1)+ ..i....,_.’:.,. + L —iﬁgk(noa&nv), s ' o L
2 . 2y T, Ty o : v ,
: : o ; - w ). . 2 1/2
A=+ 1 [( 1 » 2 + ..3‘... ...!:. - ....L. ) "4 [ {ipck (nQ - nU.)>ZJ .
2 Yy 2y 7y Ta _ B

These expressions are the same ag given by Case, 3 with the followviing'

'.,_:_o:cceptlona' , : '

o 1. The relatlvmtic tima dilation, which 'slows down" the 6 decay and
t?‘?é 91 - 6 mass-difference frgquency. has been included. 3 It has the effect of
increasing Ca_se s parameter § by a factor y. Because the smallness of B

makes the Pais-Piccioni experiment difficult, this factor can be important in

practical situations. Y,

5 The term Wy ~ Wy, which appears in the solution, has been replaced b'y
0o o : ,
——-ET-E (where /le 2 ‘is the rest energy of 9! 2) for the following reason:

Tvl'lle De Broglie frequencxes are given by

2 pA YAE
(rﬁ wl.Z) = ¢hkc) +(ml,2¢-> .

5o that, to first order, we have

V /ﬁz wHw (mcz) 6(mcz). : 0 0 |
)mc 8(mc2)=/{92"91

/K&Q- Fe ) (mc ) =

Y ' Y

(This result follows even if we have k # ky , so lonc as the difference is of order éf.n_)

Case's B8 is essentially the ratio of absorption to decay.
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2. The effects of the total cross section and of the phase shift produced by '
‘the real part of the forward scattering are included; Case's model included only

" the 50— absorption crdss section. ‘ _ ) '
‘ 2 ve x for a pure 6, beam incident on

"Figure ']l shows the probability oy
o 0 0 1 U R T 0 B T
o the absorber, and for. 2 -vw l 2 e, N ato_tal u . "_’totala = 0 otal
| : : T : pycz'rl : 3
' .Curves are plotted for the real part of the forward acattering equal to zero. :
: vone -half, and one times the imaginary patt. ‘The phase -ghift term is seen to
% have an appreciable effect. ' ' ' '
REGENERATION BY SCATTERING
T We can now discues the relation between the regeueratiqn of 6,'s in the
unscattered beam and the regeneration by acattering. . The composition of thg
o unscatte red beam is B
' l:IJ = 8y (=) 0 +“O’ (x) 6 =) {x) 8 +nz»(x) 6
where the a 8 are obtained from Eq. (6) w1th x = Pet and uz(O) = 1 al(O) = 0
. (i e. ,» pure 8 beam incident on the absorber). -
The probability of seeing a 01 in the unscattered beam is given by
S NE ao(:f-)-i»m (=) : o : e
uun'= GI(X) . U 0 | . ] : . ’ ‘ . , '_ (7)

2
o whxle that of seeing a scattering through angle ¢ followed by a 01 decay is, in

' thickness dx of the scatterer, and in solid angle 4R, : :
‘?O(’" A (¢) + aU’ (X) A (¢)

Nz

Nd xd2. (8

dn =
s
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The vnscattcred regenerated 9 s reflect the compomhon of thP unscattered bedm,

while the scattered ones reflect the compositxon tlmes the scattering matnx

EAIX << l) ,
P

‘However, for small thicknesses of absorber (smau here means

a, .,is sm_all;' and a, g 1, Thus we obtain_

- fng -ng _ . .
8,(x) 4k |- | % by integrating Eq. (5) for small x, and

BTN U :
"“1"‘)“21:“ (A(O);A(O))x; o @

. in these circumstances we have

| ,m-ﬁ; @ . oy = A , and thus

/2
22 4 . o S
g, ?‘-]*-z-?kN A%o) -AU(O)E"* =2 o an
. clnB » .L. '!AO(@ -Aﬁ.(d))i - Ndxd@. o ".(1_1)

» If one observes decays in & cloud chamber, that is placed in a beam of 6,
. behxnd a thickness of ebsorber 6x- that is small compared with ﬁc/{A“ he should see
_an angulaxj ‘d_istribution of Gl decays as in Fig. 2. We can now, from Egs. (10) and |
- {11), give the ratio of the number of events,’ L. in the peak, to the number of -
‘events, ba_, ia the baclfground under i{ in some finite angular i_nterva.l 6 at’

$=0. , x | | v
 ({If we choose &4 equal essentially to the a‘ngular'reséluticn of the apparatus,
this ratio s the ratio of peak height to the background height at ¢ = 0.) If we set

a



o performs an experiment to test the relation between scattered regenerated @1

-0 UCRL-3566

. dR=2nw(l -cosbd)E w _(-5"¢):.2
dx = 6x ibn dhé'. :
.x=06x in n__, thea we have
. un v

‘“un'g 41rN(6x)' S o - (12)

6ns k‘2(8¢;)‘2

- The scattermg amplitudes cancel out, and the ratio is dependent only on the geometry
and the wave length (In order to see a large peak one needs fairly 1arge
thiCknGaﬁeS, low energy. and high angular resolution.-) y :

For5¢ ., 100-Mev kinetic energy 8'8 ‘and a 0. 5-cm lead plate.

“un
e = 2.5 .

6u"st ' o
" The simple relation given by Eq. (12), which is independent of all nuclear
B parametera. should gerve as an interesting check on our understandmg of the .
process _ , )
_ - However, we need to examine carefully its limits of validity. (The analysm
_ so far has implicxtly assumed, for instance, zero spin both for 6° ‘mesgons and for
e the scattering nucleus, inasmuch as the scattering of 6° mesons has been described

by a mngle scattering amplitude ) | ' o » _ , |
“This examination is outlined in the append,i‘x. It is 'conciuded that, if one
l
s observed at small ancles and unscattered regenerated 91 5, as given by hq (12),
(a) One should use an isotopically pure element for a target; s
(b) If the spin of the target nucleus is zero, Eq. (12) should uncond1t10nauy

‘be obeyed° :
(c) 1f the target nucleus spin is l/Z lack of agreement w1th Eq. (12) gignifies
either nonzero spin for the 80 or 70 - 6 scattering ‘that does not vanish
in the forward direction. . .
It is possible, then. that careful observation of the two types of Pais-Piccioni

‘ regene ration may give information about the nature of the neutral K mesons beyond

what was expected origmally.
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APPENDIX: LIMITS OF VALIDITY OF EQUATION (12)

‘We need ‘to conmder the followmg possﬂ:le complications

.. »1 'Nomdentical Scattering Nuclei

The forward peak. By is caused by constructive interference of iarge
numbers of uuclei.7 The scattered group, 'Sns. involves scattering from juct

. one nucleus. Because of this, if there are two kinds of scatterérs present, onc

. averages their scattering amplitude. then squares, in calculating L whereas, .
in calculating 6n g One squares first, then averages. This apoxls the cancell'a;tion :
of scattering amplitudes that led to Eq. (12).. ' '
Equation (lZ). then, should in general hold only for an absorber that is a
| chamical element. and (in principle at least) ia a single iaotope of that element.

- 7 The treatment given does'not make this very obvious, since the index of

| refraction is usually thought of as the result of mterference of the individual scattered
lwavelets with the incident wave, rather than with one another. Suppose, however,
that one does not go through the intermediate atep of deriving an index of refraction

- for- 6 T , but rathar descnbes the problem of a 9 wave’ incident on a thin ‘
scatterer directly in terms of 9 and 50_ wave fu.nctions, each consisting of an

mcident wave and N scattered wavelets. By adding these two wave functions, one
obtains the 61 wave function directly. The incident.wave term falls out, since

 there are no incident 91 8, and only the sum of the 6, _scattered wavelets,

' "T(Gl) » remains. Upon squaring. the terms in i = j lead to the ordinary scattered

'. in:te*nsity”. 6n,, while the terms for i # j give rise to a constructive jaterference
m the forward direction. which is just nun" One ends up with Eq. (12), but the
treatment makes evident the cooperative nature of the forward peak.
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2. Nonzero Spin of Scattering Nucleus

_ A detailed analysis shows that the intuitive result is correct,. namely that the
ple"ence of 28 + 1 spin substates of the scatterer is the same as having Z2s + 1 kinds.
of nuclei present. - Eqaatzon {12) does not. in general, hold for nonzero scattermg

nucleus spin.

3. Non'z.:e.ro Spin of the 60'

If we neglect spin-fhp processes temporanly, each apm substate of tl'n 90
' scatters separately, and the intensities for each substate obey Eq. (12) separately.
The total intensity is the_ sum of the intensities of the substates, and therefore Eq. (12)

' is '6beYed. in general, for nonzero 39 spin, so long as i:he’ spin of the nucleus is zero.

4, A %pncial Case 6® Particle qpin Zero. Nuciear Spm 1/2 7

In this case, there are but two scattering amplitudes, and both are equal. The
. order in which one performa the ‘operations of averaging and squarma is then unlmportant
and therefore Eq. {12) holds, for this special case ‘ '
A 7 (If the 90 particle spin is not zero, and the target nucleus spin is 1/2. the
Asc'att'enng for target-nucleus spin parallel and antiparallel to the Gq spin might well

“be different, so that the remarks of Point 2 apply.)

5. Spin-Flip Processes
. Two points are pertinent here: '

{a) S pm flip, being an intrinsically incoherent process, cannot

~ contribute to the forward peak, but only to 6_:13,' Spin ﬂlp, it
present, "spoils" Eq. (12). '
(b) The spin flip amplitude vanishes at. 0° if either spin 1s Zero.
Because in all the cases enumerated above, in which Eq. (12.) should hoi_d,one or

the other of the spins is zero, we can conclude that’-s'pin-flip‘ processes will not’

- affect the equestion of whether or not Eq. {12) holds. -

6. Panty Exchange Scattering

If a neutral 7 exists, and can turn into a neutral 8 upon elastic scattering,

the situation is obvicusly more complex than was assumed in the derivation of Eq. (12).
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~ However, there are certain simplifications: 'since_%the.intrivnsic parity of the
70 is (by definition) different from that of the 90 the orbital angular momentum |
must change by one unit in the process 70 oer 6° ' "
A To conserve total angular momentum, then. it is necessary that the component
of total spin of the system change by one unit. Thus 7T += 6 scattering is a special
‘kind of spin-flip process. Bea'ringv this in mind, and restricting ourselves to these
cases for which Eq. (12) should, so far. hold. we see that

(a) For spin zero target nuclei Eq. (12) should still hold. The argument is
as follows: lf the 6° spin is zero, there are no spins to flip, and therefore

‘the 'rOH 6 scattering vanishes, 8 If the 9 spin is not zero, its spin z- -

component can change by one unit, and 'ro - 0 scattering can occur. But

the intensity of this contribution obeys Eq. (12) and, as in the discussion
“under Point 3 above, Eq. (12) then holds for the total intensity. (This result
| may be shown to be {independent of the relative amounts and relative phases |
~ of the 'rl ] and 'r2 s postulated to be in the beam )

(b) For«the apeclal case of Point 4 above, the 'rO L 90 scattering (if it does

not vanish in the forward direction) can occur, by flipping the target nucleus
spin. It i{s therefore incoherent, and "spoils" Eq. (12).

oy must be remembered that we are talking about striécﬁy elastic scattering.
_If an incoming 70 flips the spin of a proton in a spin-zero nucleus, emerging as a

”90 the nucleus is 1eft in an excited. state. and the event is classified as inelastic.
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»LEGENDS=

F1g 1. 91 mtensity vs distance for 9 beam incident on absorber. ‘ 3

R (A - A,O) .
e = ) .‘ ) = 0, 1/2 1
 Im (Ao) -A?.o) :

|
(l)z -wl = --—-
1

0 =.“_1___.("6' '

”total 3 total

. No, q=
. total . o
: Byery
Fig. 2.. Distribution,in ‘a'ngle of regénérated Gl'sjneiar ¢== 0. -‘The group 6ns
refers only to eblasticallz scattered 6's. In general, there will also be
" inelas tically scattered 6's, which would have to be rejected in checking the

predictions of Eq. (12)
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