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ABSTRACT 

We propose to extend the use of the E-82 spectrometer in the 

neutr~ beam M4 to a determination of the amplitude for regeneration 

of KS by electrons. This quantity is directly proportional to the· . 

rms neutral kaon charge radius, R2 NALis uniquely suited for such 

a determination, since the electron contribution to regeneration· is 

_ 7% at 100 GeV, and grows as the square root of the kaon momentum. 



The r is neutral 

albeit not quite 

it shows its charge Fadius 

to those who are bright. 


A photon exchange ~ when properly done, 


Will suddenly turn a IS into a tS.. 
The regeneration, while admittedly rare, 


Is obviously proportional to the kaon~s R2~ 


Where Zel "dovitch sweated, where Rubbia faltered, 

the state of the art must clearly be altered. 

We ask for no new beams, for no fancy device 

Just give us 90 shifts of running 

And that will suffice. 



COHERENT Ks REGENERATION BY ELECTRONS 

In our approved NAL proJ!osal, E-82, we a~luded briefly to our 

intention to study electron regeneration Cp.6). In the present 

proposal we wish to spell out the details of the experiment that we 

would like to perform. Since we intend to use the apparatus and the 

beam of E-82 without modifications, the experiment proposed here could 

be carried out in the near future. 

1. 	 Theoretical background. 


O O 

K and K have conjugate charge distributions, and will thus 

scatter from electrons with amplitudes fe,fe of equal magnitude and 

opposite sign. lience there exists a ree;ener~tion, aTlJ.plitude 

(1) 

is proportional to R2 the rms charge radius of neutral 

kaons, viz. 

To predict the magnitude of K regeneration from electrons, one needs 
s 

hence an estimate of R2 ; conversely, a measurement of p (such as proposed
e 

here) serves essentially to determine R2. 

R2 can be predicted from the observed rate of e + e + K + K (~ith 

some vector dominance and 8U (3) assumptions), or from the "algebra of 

fields" considerations of Kroll) Lee and Zumino Pd t who giye 

In either case, we expect regeneration by electrons to be less strong than 
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predicted in the early work of Zeldovitch [2J , corresponding to R2~ 21 mb. 

An important fact ~~derlying the experiment proposed here is that fe 

is independent of It, the KL momentum" whereas the corresponding (and domi­

nant) nuclear amplitude SN is expected to decrease as k-l / 2 • Thus the 

relative importance of electron regeneration increases with k !> making 

the experiment particularly suited for NAL. 

2. Principle of the experiment. 

The principle which we propose to adopt for measuring ~ e is essentially 

the same as that used by the Aachen-C~ori.no group in. tlleii" experiment directed 

at the same gOal[3J (for facilitating the reviewer's task, we enclose a 

copy of this reference). There are, however, certain important differences 

of method rather than of principle -~ between our approach and that of Ref, 3; 

these will be discussed later on (see Section 3) 

The so-called !ltransmission regeneration!! amplitude f at the exit of 

a slab of number density N and thickness L (thin compared to the mean ~ 

decay length, A(k) ) is given (per KL) by 

(4 ) 

The intensity of transmission....regenerated· K I ~ is 
2 s 

Ntr = jpl2 = (2n NL) 
k 

If~l(O) ~ 

where we have neglected attenuation in the slab , and CP-interference effects 

behind it. Since terms quadratic in f~l will always be negligible in 

practice, we can make the approximation 

e 
Zf 21(O) 

+ 2 Re J (6)
f~l(O) .. 

The essential point is that l~l(O)/kl can be determined independently from 

the so-called diffraction regeneration extra.pola.tel to:t= a" I{!iBn -momentum is 

http:Aachen-C~ori.no
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transferred to the scattering centers, then these act incoherently among 

each other and lead (again neglecting attenuation and CP-effects)t0 the re~ 

generated KS intensity. 

j 

again neglecting the electron term. In a more convenient notation, one 

has 

diff ;f',N" ( ) 2 
: Ct} ='lrNL Iv~.lt I (8) 

k 

~trapolation to t = 0 (see Fig. 1) yields dN/dt (0), and one can rewrite 

( 6) in terms of observed quantities 

tr~ N Z f~l(O) 
1;;"NL (dN/dt(O))At = 1 + 2 Re fN (0) 

21 

or RObS! 471" NL = 1 + e 

where RObsNtr /At ~Ndiff/dt(oil is the well.,..known \IGood ratio" (for a thin slab)) 

and t:' the quantity to be dete;rmined. Thus the experiment) in its ideal­

ized version, consists in measuring R b . o s 

At this point it is interesting to estimate numerically 

Z f~l(O)/k
€ = 2 Re --::-:----, (10}

f~l CO)/k' 

For Pb ( f - f ) /k :;;; 82 x 3.65 x 10-3 = 0.30 mb according to Eqn., e e 

(2,3) (note that this quantity is real and momentum-independent); on' 

the other hand, (fn - fn)/k has at 4 GeV a modulus of 32 mb, and a 

o [3.1
phase of -135 Thus 

0.30 12cCPb , 4 GeV) = .,..1.,4$'32 
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It ~s anticipated that (see our proposal for E-82) the nucleon amplitudes 

- - . "",1/2
(f--fl!k fall as k , and we assume that the nuclear regeneration exhibits 

the same momentum dependence (this assumption was borne out by detailed 

optical model calculations). Thus € is expected to grow as k~/2 , yielding 

typically 

a large effect. 

3. The actual experimental method. 

In the idealized experiment described in the previous section, it is 

the departure of the observed Good ratio R b' from its tltheoretical" value o s 

which yields e. In actual practice, some of the simplifying assumptions 

used in the derivation above do not hold, i.e. 

(a) the slab thickness L may not be small in terms of A(k), the 

mean decay length of Kst;,s; 

(b) L may not be small in terms of ~= liN aT ; the mean free path for 

interactions in the regenerator; 

(c) Instead of the regenerated Ks intensity)one has to consider the 

corresponding amplitude and CP interference effects downstream of the 

regenerator. 

Of these, (a) is least relevant at our energies. 1\(100 GeV) is 500 cm, 

far greater than L for any practical regenerator. 

Assumption (b) is most serious. Aside from attenuation (which is the 

~ for KL and Ks!) multiple scattering effects arise in a "thick" 

regenerator, affecting the Good ratio drastically. Piccioni and his 

collaborators C41 have presented an analytic approximation for the "modified" 

Good ratio, while Foeth et aL bl have treated the same problem by Monte 



Carlo techniques. In either case, the result depends on the nuclear 

parameters aT' and da21/dt, and these must be well-known toa22 

make an adequately accurate predi~tion of the Good ratio possible. 

Corrections due to CP interference effects are comparatively easy 

to handle, In a sense they are complementary to the multiple scatter..,. 

ing effects, since they are ea~iest to apply to "strong", i. e. thick, 

regenerators. 

Note that in the case of the Aachen-CERN~orino experiment, [31, for 

which Eqn, (11). predicts a net effect E: =....1.4% ~ t..:iie:' vari6iiscOrret!t::.. 

ions to the "ideal" Good ratio amounted to about 30%. 

Our approach is to decouple ourselves as much as possible from the 

dependence of Reo (the Good ratio calculated for' the. convergent series' 

corresponding to infinitely many' possible scattering in the regeneratorr 
on the nuclear parameters in question. In other words ~ we seek. that 

"magic length't L fOr which Eoo exhibits an extremum respect to these 
o 

parameters, 

It is convenient to measure the regenerator length in uni.ts of the 

interaction mean free path. ]..1 = lIN a,-, i ~ e.. L/]..1 = LNO'\" = j(.. We fi.nd. 

:tl!at the magic length is x'o = 2. Note that since N,.." the intensity of 
I=> 

coherently (tramsmission) regenerated KS ts ~ goes (for L/A « 1) as 

:x;,2 e-x , xo =. 2 ~ corresponds to the maximum possible I<S intensity 

(per incident KL)' 
To obtain this result, we first consider Reo in the absence of 

CP...violating interference effects (for L/A <;:<; I) as given by Ref, 4. 

n(n-l) 

If22 CO)l2 



--

471' 
k 

471' 
k 

6 

.2

If 22(0)r 271' 


where G ( =0) ------ A = , and R = 471'NL(1+E) is.,the
n n 0'22 K 0 

Good ratio in the abse~ce o'f mui fiple s'catterin'g; an'd CP interference. 

This formula can be simplified by noting that f 22 = Cf + fJ/2 is 


essentially purely imaginary at the energies of interest here.. Thus 


(131 

° 22 , 	 ~ection, is given bY'Flf'2212, andthe elastic scattering cross 

it is useful to introduce the variable a =0'22/ O'T' With these notations 


one has 


La x)n~l
R /R = Eo 00 tn~lHn=l 

Using the optical model and the measured charged k.a.on~nuclear total cross 

sections (extrapolated to 100 GeV) as input parameters, we have computed 

the relevant amplitudes and cross sections for Fb; our results are given 

in~Table I~ Since the charge averaged cross sections. are, for k > ,20 GeV/c, 

anticipated (at the 1% level) to be momentum indeEendent, a is also expect­

ed to be so. 

Fig. 2 shows a plot of R /R as a function of x~ calculated with 
00 0 

a = 0.319 (see Table I). Since a is k-.:.independent, this curve is Ituni_ 


versal". With ~= 13.1 cm t L is 26.2 em and t =L/A = 26.2/500 = 0.052 
o 


for k = 100 GeV/c. As t « 1, the thin slab approximation is valid, and 


excludes any additional momentum dependence of L • 

o 

The prime question of interest is the sensitivity of Roo to the 

! 	 nuclear parameters or and 0'22 for X = Xo since these are not too well~ 

known a priori. We find that Roo changes by 2.0% for a 1% change in q22 
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and by 0,5% for a 1% change in crT' Before accepting the regenerator of 

'"magic thickness It, we have to remove the last simplifying assumption 

made above, i.e. we have to allow for CP interference effects down­

stream o~ the regenerator,As is well-known, interference between 
, 

transmission regenerated ~'s and ~ decays yields the 21f-distribution: 

trans 2 f-t/1: / n+-/p 
2' 
'.~ 
-tiT'

L + 2In+-/p I e-t / 2Ts cos(Alnt -~)15)I = C Ipl l S + I 1" 2'1r 

which can be fitted t6 yield tp/n1J . (~=~p~~+~~ 900 
) Similarly~ the dif. 

fraction regenerated component has a distribution: 

2dl~~ff(t1!dt =(clp1 /R ) ; (,ax)n-,l \e;t/~S(.L ..;.)J+ln /p"1 2...1:. e-t/TL
2n 2 

o n=l (n-l)! LE +"'" , n 

+2(2:l\: -1) In 'pI 1. e-t/ 2,s cos (L~mt -<p,}~
n +- n j

,,' "',,"' 0 
where p=f::n(0)/f22(0). and 4"'=~21-~Z2-~+_= 90. Interestingly enough 

p" = p for the"magic If thickness Xo = 2! Integration over m Kg prope~ 

lifetimes yields (with m 's« 'Ll 


m
1_e-ril + r n+jP 12 m + 2 In+_/pi [1 - e- / 2{sin m/2 + cos m/ 2 } J 
R /R =: ,! 

2 -m/2 m~ ,0 n:l~~~~l~l~ _1)2(l_e..,n)+mln+jp'1 ~ _ 2{ ~ -1) In+;;/p'l [l-e (sin 2 + cos~)U 
As seen in Fig. 3, if we integrate over a fixed distance in the lab, B /R 

co Q 

is practically momentum independent. 

Thus, including CP-effects, x "'2 remains that "magic" slab thick­o 

ness for which the predicted Good ratio R~ is particularly insensitive to 

nuclear parameters. We shall describe the requisite ancillary measure­

ments of the latter in the next section. 

There is one effect which we have not mentioned so far. In addition 

to KS regeneration by transmission and by elastic diffraction~ also ~ 

elastic regeneration can occur, i.e. the process Kt + nucleus +KS + nucleus 

+' hadrons (or + nuclear fragments + hadrons). This process which. is due 

to the inelastic scattering of KO,Ko 
on nucleons, has a vastly different 

t-dependence from that of ordinary diffraction regeneration [0'2.1 (tL is 
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governed by the nuclear SiZe!] but nevertheless constitutes a background 

to the latter. Thus dNdiff/dt(O) is "contaminated" by inelastic regeneration. 

This contamination" is hard to calculate theoretically, but could amount to 

.,.10%.[5). Wanting to determine the'Good ratio to 1%, i.t will hence probably 

be sufficient to determine this background experimentally to 10% accuracy; 

such a determination can be done (a) by exploiting the different t-dependence, 

(b J by suitable co-incidence or 8.I'lticoincidence requirements (51 involving 

the u,nwanted secondaI:ies. 

It should also be pointed out that the transmission and 

diffraction regenerated events should have the ~ momentum (k) dis­

tribution (to the extent that the GOOd ratio is momentum independent) ,thus 

providing an easy check for the contamination in question. 

4. Ancillary Measurements. 

a} Mea~ur~ent of crT 
, 

The attenuation of KL mesons is easily measured by standard "good 

geometry'~ transmission techniques? i.e. by inserting material in the KB 

beam far upstream of the usual regenerator position. The transm.itted 

KL \s can be detected either via their copious K!3modes, or by using a 

thick regenerator as a I'converter" (to KS+21T), or even via the rare 

+. - 111KL+1T'If mode. In either case, lp accuracy in O'T is easily obtained. The 

"magic thickness" of the regenerator actually to be used in the experi..... 

ment proper is also readily checked by transmission. 

b) Measurement of 022 

We recall that 0'22 :::: Sdn IfnC,e,)[ 2 and that f22(01- is essentially 

pure imaginary. Thus lf22(Ol\ is given directly by 0' ~ while the 

T 


angular (or t) dependence is most easily obtained from a measurement of 


021 and an appeal to the optical model. Table II, based on detailed 
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calculations, shows that while 021 and the differential cross section 

d 022/dt vary with the nuclear shape parameters, ~~e;l' 'Wi"h bite uuclear 

--e:rH'l:~e ~8li?8!lte~erB? the integral 022 is very insensitive to the latter 

(which are, in the case of Ph, already rather well knownt5J), Thus a 

measurement of 021 basically constitutes a determination of 022' 

There ~e also direct methods for determining 022' e.g. stu~ing 
I 

the diffraction of ~IS (detected via the K~3 mode) or of KS's from a 

short-lived beam {such as built for E...81. 

,(c) 	. Measurement of 021 

This is readily done by measuring the diffraction regeneration 

dOll/dt from a moderately thin regenerator (to keep multiple scatter­

ing effects down). 

(d) 	 Measurement of inelastic re~eneration. 

This can be done in a number of ways. The simplest is to see (with 

a moderately thin regenerator) how the minima of the diffraction regene.... 

ration distribution (~ d021/dt) get "filled inlt by the inelastic events~ 

and in fact to follow that distribution out to large t fS where the 

elastic events should practically vanish. A more direct wa:y is to 

trigger only on inelastic events, requiring a charged secondary from 

the regenerator in coincidence with the usual 2n-trigger. Finally, one 

can stu~ regeneration ~ of inelastic events by a suitable anti ­

coincidence requirement. This requires a special run at very low neutral 

beam rates, since the anticoincidence would otherwise be constantly Iton'!. 

5. 	 Or~anization of experiment and running times. 

Since we expect a 7% effect? € ,at 100 GeV, we set ourselves the 
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goal to measure R to 1% at this energy and to be able to predict R~ 
obs 

to 1.5%) yielding a combined error of ~l. 8% in E . This prediction of 

R~ requires a determination of Of, to 0.5% and of 022 to 0.75%. 

Of course, 100 GeY is just an arbitrarily chosen reference energy, 

since all KL > 30 GeY are studied simultaneously. Fig. 4 shows the KL 
spectrum predicted for our be~ line, as well as the number of KS'S 

regenerated by a Pbblock of '1magic lt thickness Lo <::! 26 em and accepted 

by our spectrometer. 

Assume that we require 105 regenerated 100 GeY events to measure 

R to 1% (Note that in Ref. 3 80K events were collected to deter­
obs 

12. t" Imine R b to lp/}."qf , 5 ~nteract • mg pro onsAt the time of writing, a ~ xlO 
o B 


burst appear to be a reasonable estimate. This yields ~ 1 regenerated . 


+ . . 
and d~j;ected KS 11" 11"~ events at (J.OO ± 10 GeV) /burst, or ,..18K such events/ 

day,. Thus. we could, in Erinciple 1 collect the main bD~' of data in ('(,5 days 

(.15 shifts L of running, achieving our stated statistical goals at 100 GeV 

and exceeding them at lower momenta. In Eractice, we may need more time, 

Under the running conditions stated above, we Eredict a total rate of 

detected 211"-events of ~26/burst " 'Whether we can handle such a larse 

rate, depends on the number of unwanted triggers (neutron stars, un~ 

rejected leptonic decays, ete.), the length of the spill, the time-

structure of the beam etc, It is clear that with a core~memory wire-

spark chamber spectrometer such as currently operated by us and as des­

cribed in our proposal (E-82), and a spill of 300 msec? one would be 

limited to 50 total events/burst, corresponding to perhaps 5 tlgood tl 
.s:... 

events/burst. Thus one would have to run with a 5 times lower beam 

intensity CIa interacting protons/burst) for 25 days (75 shifts). 
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The ancillary measurements discussed in Section 4 would require, 

even with such a reduced beam, at most another 5 days (15 shifts). 

Since our proposal E.,..82 was submitted (August, 1970), we have 

greatly improved our spectrometer. Hodoscopes and MWPCts have been 

added to act as roadmaking devices, and an elaborate on-line process­

ing system (involving two Supernovas in addition to our standard 

processor, the ASI-6040), has been assembled. This is however not 

all: in view of the present CJJne 19731 status of the structure and 
\ 

length of the beam spill at NAL, we are currently building a full 

complement of M"WPC ts sufficient to replace all the wire ....spark. chambers 

in our initially proposed setup. These MWPC~s will have been built 

and tested by the fall of 1973, and they should certainly be operation-

al well before the experiment proposed here could be scheduled. The 

construction of these chambers and of the associated electronics is 

being greatly helped by the expertise gained by our supporting staff in 

connection with other NAL projects (e.g. E~28, Mo.,.p scattering1. 
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TABLE I. Optical Model Galculations for Pb 

= 18.2 mb[a}Inputs: 

55 GeV/c 

f(K-)f) assumed pure imaginary. 


f{K+J() have real parts chosen to yield $21 = -135°. 


Extrapolation to 100 GeV: 


a.,lK+p) = 18.5mb 0T(K+n) =18.8 mb 


0T(K-p) = 20.2 mb °T'I K - n ) = 19. 4 mb 

Same assumptions for amplitudes. 
1 

Nuclear model: p
p

=p 
n 

= C[l + e{r - 6.6)/0·~1~ (r in fm. ) 

Output: 55 GeV/c: (f - f)/k = 9.98 mb ° = 2329 mb[c) 
T 

022 = 742 mb 021 = 0.631 mb 

100 GeV/c: (f - r)/k = 7.41 mb ° = 2329 mb
T 

022= 742 mb 021 = 0.348 rob 
fTZ2 

.ll = l/Ncr = 13.1 cm ct = r;.- ,= 0.319T 
T 

[a 1 Phys. Lett. 36B, 415 (1971). 


(b 1 Denisov et al., contributed paper No. 924 at the 1972 NAL Conference. 


[cJ At 9 GeY~ Lakin et al. measure 0T = 2307 (55)mb. 




TABLE II. 	 Dependence of Optical Model Results for Pb on Nuclear Parameters 


(Input at 55 GeVI c as in Table I) 


Nuclear Density Distribution ~~;~\= C 11 +'e(r-~~/~P')l-1. 
\ 

*' 	 *' , 2 r (fm) rn(fIn) a (fIn) an(fm} crT (,mb) 0'22 (mb) 0'21 (mb) tl(GeV) 2 t2(GeY)
p 	 p 

6.60 6.60 0.50 0.,05 2329 742 0.631 -.0098 ..... 0378 

6.60 6,60 0,50 0.68 2464 747 0.761 -.0,092 -..0354 

6.60 7.29 0.50 0.50 2378 736 0.,618 ..... 0090- .... ,0333 

*' t l ,t are the positions of the first and second diffraction minima in dcr22/dt
2 
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Including C P effects 
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Figure 	3 
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BA!leelved 8 September 1969 

We have searcbed for coheX"lalt 1uteractloll$ of a. long-lived neutral kaon with the electrons of le::l.d and 
copper plates. Results.are coJDpat1ble with the absence of such effects. In terms of the kaon r.m.s. 
charge radius wefl:ad ..[fii.2) "" O.2Z:::~ frn. '" 

The transformation of a long-lived neutral of maUer' (the regenerator). Interactions WiQ.';;;-> 
kaon in interactions with matter into a coherent electrons can produce both single regeneratrr.': i: 
superposition of XL and KS states is usu3lly at ­ scatterings and coherent regeneration efiects::"'" 
tributed to differences in the nuclear interac­ Single scattering events are sharply pea.l{ed for- t. 
tlons of their linear combinations of definite wards, the maximum scattering angle 8 a.'t c.... Iim
strangeness, KO and Eo [1]. Interactions with ing smaller than (me!mX) :::: 10-3 radians. 'P'4 f 
electrons could also contribute appreciably, cannot be resolved from the forward directioo -, ! 

since it is possible [2] for electromagnetic ~ with our present detector. Furthermore, even::, r 
teractions to have opposite signs for KO and KO­ the most optimistic assumptions [3] the elec!:rC).o. ~ 
In the KL-KS representation Such an interaction magnetic scattering cross-section is negligibi1- ~ 

f 

does not have diagor.a1elements by virtue of the small When compared to the corresponding !n1"'" t.., 
true neutr.alltyof XL and Kg states. Non-diago­ clear regenerative process. However, in the- ._~ • 
nal elements, capable of producing XL- KS exact ~orward direction, 'where the coherent l 
transitions are, however, possible [3]. In p'ar­ transmission regeneration dominates, this 1J1-"­

; tieular for an incident KL, the outgoing scat­ teraction leads to effects linear in the SC:ltter:c ~ .', 
tered wave.wm be a p1.1re KS current. 	 amplitude from electrons, because of interte:-:. ~ 

This electromagneticKO interaction (linear ence with the nuclear amplitude. Zel'dovich {l}- . ~ 
in the electromagnetic field) is propOrtional [2] and more recently.Placci and Zavattini [4] h:a~. f 
to dlv (E);- that is to the charge density at the :::::~ked that this effect could be sUbstanu~:. I 
point of the KO (KO) state. Hence if a neutral J1: 
meson passes through a reglon of field, in ab­ The differential cross-section for KO eled."!, i 
sence of charges there wm be no KL""":" KS tran­ 'scattering in the centre-of-mass system [2} ~.. " 
sitions. 4 ~2 1 ,.c",dThe electromllil'letic interaction is expected ....£'.(9)1 =_e_,,_. x ';:;~'J 

. to be the main form of interaction between elec­ dO C.m. 8 .. 2 (Ee + EK)2 .~~i. 
trons and neutral kaons. For nucleons, since KO 
and Ko interact strongly, these effects are prob­ x [2k2 EeEX + 2E~ E~ - m~ (E~ -mil +f 1 
ably only very small corrections. 

+ COS6(k4+k2E~+2k2EeEK)tJS ILet us consider a XL wave traversing a block 
where k Is the centre-of-mass momentum, 1 

• 	Visitor from Centre de Physique Nuctdalre, Unlver­ Ee,EK are the total energies, 1ilK is the KO " 
aIM de Louvain. HElverlEl. Louva1n, Belgique. mass, l\ is the KO form factor: 
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. F{!]2) ::0+ Aq2+ other higher order terms. 

TM p:lrameter >.. can be related to the r.m.s. 
:::.lr~e radius of the KO: 

7\ :: -~ (R2 ). 

'Adding 11 and c whenever necessary and 
. ...,..,sforming formula (1) in the laboratory sys­
:~~', we get the differential cross -section in the 
~~:w"lrd direction and zero momentum transfer: 

, . mKc.2 
d-:r (0) I = 4a2 >..2 1__). 'Y~ (2) 
dn ,lab \ Ii 

•~ere YK is the usual relativistic term for the 
:~.ddent K mesou. The forward regeneration 
l~plitude is real and has the simple form 

. I7JlKC, 
/(0) - 1(0) = 4a>..\----,[) 'YK (3) 

For an atom the coherent amplitude will be Z 
:;:nes formula (3). Since the nuclear forward re­
,:t:teration amplitude varies approximately like 
:\ :. the effects of electron regeneration are ex­
,e;.:ted to be larger for heavier nuclei. 

follmving Zel'dovich [3], we have searched 
~Jr electron coherent regeneration comparing 
::.!! lmrular distribution of the nuclear regenera­
::..e s~attering and the transmission regenera­
:;)~ .liter thin copper and lead plates. lt has 
:':e:! shown by Good (1] that the KS transmission 
~·~.:enerated intensity is proportional to the dif­
":;~:ltial intensity for regenerative scattering in 
....: iOfward direction: 

:J 2 =~ (0)NA>..2 1 +exp(-I)-2exp(-!l)COS(lil) 
dn 62 +! . l-exp(-l) (4) 

• -.i.'re 1 == d/A is the regenerator thickness in 
.~::s of KS decay length A, 6 is the KL-KS mass 
:.::erence inlifetime units, N is the number of 
~:HllS pe~ unit of volume and>.. is the kaon wave­
.\ ::;:th. 

Therefore it is possible to compute the trans­
::::ssion regeneration due solely to nuclear col­
:;:;io:ls provided that the corresponding differen­
:;ll cross-section is known in the forward direc­
:"):l. Scattering events on electrons are confined 
· ~ l:lgles smaller than Omax. Outside this very 
·.lrrow forward colie all the observed regenera­

:;';e Cross-section must be of nuclear origin. 

'.::::I! the angular distribution of the latter 15 

;c·.~· much wider, it is easy to bridge the gap 

··':··\,een 8max and the exact forward direction 

· 'crapolating to zero angle the quantity 

:..... dr!) (e), (observed at angles larger than 

· :::2.,,), Let IPexp 12 and IPextrap 12 be. respec-' 
.·:.~ly. the observed and extrapolated transmis-
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sion regeneration intensities. Since the observed 
regeneration amplitude is the sum of the ampli­
tudes due to electrons and nucleons. it 15 easy to 
prove that for small. contributions from elec­

'trons: 

2 -- ­IPextrap 1 [/(0) - I(O)]electrons 

Z:= 1 -IPexp 12 ;:::: 2 Re [1(0) - I(O)]exp 

where [/(0) - I(O)]exp is the experimentally ob­
served regeneration amplitude. This quantity 

..,.' has been extensively studied and its modulus and 
Iphase are well known [5,6]. Hence the quantity Z 

can be directly related to <R2}. the r.m.s. 
charg~. radius of the KO. 

lt is relevant to remark that the regenerator 
is electribUy neutral. One might thin.1( that 
since electromagnetic interactions with protons 
are of opposite sign, they cancel the electron 
interactions. Actually electz:omagnetic effects 
due to protons are indistinguishable from nu­
clear effects. Since the nuclear amplitude is 
taken from experiment. it includes also all elec­
tromagnetic corrections. Therefore, if there 
were electromagnetic interactions between KO 
and protons but not with electrons, Z= O. 

The experiment has been performed in a 
long-lived KL beam derived at 140 mrad from an 
external target of the CERN Proton Synchrotron. 

Momenta of charged decay particles are 
measured with a magnetic spectrometer and 
wire chambers. The triggering logics requires 
one charged particle at each side of the beam in 
the front and after the magnet, and a veto condi­
tion in the anticounter at the exit face of the re­
generator plate. Electrons and muons are iden­
tified by a gas Cerenkov counter and by penetra­
tion in a 80 cm thick iron shield. For a more 
complete description of the experimental set-up 
we refer to refs. 6 and 7. 

The basic philosophy of the experiment is to 
compare the transmission regeneration intensity 
and the extrapolation to forward direction of the 
elastic regenerative scattering cross-section. 
Regeneration is identified by looking at ..+70 - de­
cays (mostly Kg - rr+1f-) occurring immediately 
after the regenerator plate. The scattering angle 
is determined from the reconstructed momen­
tum of the ,,+;;-:; pair and the (a priori) known di­
rection of flight of the incident KL beam. 

Two important effects have to be accounted 
for: 

i) The CPviolating decay KL-. ii+"-. This de­
cay mode interferes with KS- 1f+1f- in the trans­
mission regeneration and, to a smaller extent, in 
the regenerative scattering. The correction to 
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,, 	 the transmission regeneration has been directly 

measured.. The idea we follow is that regenera­
tors of same material, of equal lengths but of 
different densities have a regeneration amplitude 
proportional to density (Le., they have the 'same 
regeneration phase). Let d be the relative den­
sity of the regenerator plate. Then the number 
of 211' decays over a given decay volume is of the 
form: 

N(d) ::: Ad2 + Ed + N(O), 	 (6) 

where the first term is due to KS - 1f+7T::",' 'Ute 
last one to KL -.. 1:'+11- and tbe second one tq irl­
ter{erence between the two decays. Tt;e quantity 
A, the number of 271 decays corrected for CP 
violating effect~ for unit relative density (d = 1) 
is easily obtained fitting the expression (6) with 
data at different densities• 

"..,;:... .. • _. ", The correction due to CP violating effects in 
,:,the 'scatter~d events, is much smaller siace both 

""KL and KS amplitudes now have to be scattered. 
It'amounts in th~ present experiment to about 
2%, computed from the'known relevant parame­
ters. 

il) Multipie scattering in the scattered events~ 
As well known, the main effect consists of de-
s ucUve interference between regenerative 
scattering and coherent transmission regenera­
tion. An analytic formula for the correction fac­
tor has been given by Good et al. [8] with the as-
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4cm lead Plat. 

500500 

In\lClriont mass (M~Ylc2) 

FIg. 1. Invariant mass distribution of transmlssiulI~'.: 
scattered events. Dashed regions indicate back~r..",,' 

subtractions. 

sumption that the KO and KO scattering ampli· 
have the same Gaussian angular distributlor: :I:, ~ 

that thei.- sum is close to-being imaginary. W.· 
have made an exact calculation by Monte C3rl-..' 

Table 1 
List of experimental conditions and of correction factors. 

" I 

Number of observed Inebstie Multiple 
Regener- Length Average 7T"i'7T- decays events scatterings 

ator densitv contamination contribution Remarks(cm)element (g/cm~) 	 Transmission Regeneration d·J' 

regeneration scattering to dO ((}) to ~TI (0) 


Lead 1 

Lead 2 

Lead 3 

Lead 4 

LendS 

Copper 1 

Copper 2 

Copper 3 

Copper '* 
C(lpp~r ;, 
COPP!;l' 6 

278 

4.007 

4.000 

4.000 

!1.007 

12.027 

3.000 

3.000 

3.000 

6.002 
8.904 

1l.!.I45 

11.323 

5.645 

2.830 

p.179 

11.319 

8.890 

4.456 

2.944 

8.688 
8.876 
8.888 

35~99 

2169 

1014 

6718' 

17638 

12399 

IOn 

533 

345:; 
3019 
370!:i 

43761 

444.9 

2814 

" 4121 

6516 

17206 

2363 

1566 

246;:i 
1795 
13:!9 

0.0:159:1: O.r011 

0.0166,,0.0025 

0.008H:0.()02B 

0.0443 % 0.00-1:5 

0,0716 ± 0.0054 

0.0205;1: 0.0018 

0.0109 ",0.0035 

0.0099 ± 0.00-1:8 

(1.001;0", 0.003il 
0.0379 ± 0.00:;3 
0,0:.;22 0.0107 

0.190", 0.008 

0.Q9 :!:0.007 

0.057:1:0.006 

0.371 ± 0.010 

0.493 ± 0.014 

0.160 ± 0.007 

0.08·1 ± 0.007 

0.055=0.006 

0.3Ul '" 0.(109 
0.417±O,O1O 
0.:)29 ± 0.130 

:Main regeneratnr

1to correct for ' 
KL ­ Il'"i'or- dec:lr~ " 

Jtran~mission r.'l!d 
cratlon

1to correct for l'!m1u­
pIe scattering in r"" 

J?enerative SI.':lth·r­
wg 

1Iain regcn~ratllt.. 

) " ,,,root '0'KL -+ iiTli- a..:c~;(,---.: ".~. 
tr:tnsm !ssion re!!'.'i';· , 
eration 

1to correct fot' mulu . 
pit! scatterin~ in n" 

Jgenerative scaUt.'r ­
lng 

;,. 

I 
i 

.1 
{:.; 
~:r: 

\ 

.""', . 
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~..,as propagating an incident KL state with Thicker regenerators are used in order to 
~etescattering and regeneration matrices, determine the multiple scattering correction. Fi­
'T~ relevant nuclear parameters have been nally some data have been taken with no regen­
-..:ed with the help of e;,,-perimental data for erator in the beam for background subtraction::: 

;t.:;..~. 

~.-u: regenerators where these corrections • and measurement of the quailtity N(O) of for­
'JI-"'Y ::;luch more important and with the observed .mula (6). 
~....l;i.r distributions of the scattered events [9]. Several cuts have been applied to the data in 
; );. list of experimental conditions is summar­ order to obtain a sample of.21T events practically 
~:b. table 1. The thickness of th~ main regen­ free of any background: 
~rs has been chosen as a compromise be- . i) The kaon momentum is restricted to . 
,.....e:; multiple scattering and CP-violation cor­ 2.5 GeV/c <PK< 6.5 GeV/e, to minimize errors 
lFCJC1nS. The reduced density regenerators are in the averaging of momentum dependent param­
totd to mru.:e the CP-violation corrections with eters. Only 9% of the events are rejected. ' 
" belp o[ formula (6). They consist of several ii) Events with an identified decay electron (30%) 
p"!y-spaced thin plates. or a muon (15%) are remov.ed. I 
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Fig.2. Four-momentum transfer: distt'ibutions for different experimental conditions. 
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La 

1.6 

N(d)-N(O) 
el 2 

, , , 

23" 
, tid . 

Fig. 3. Determination of the correction due to CP-vio­
mUon effects In the tra.nsmis&ioll regeneration, ac- . 
cording to formula (6). Dashed lines show the correc­
tion faclur as determined from the time dependence of 
the 2 iT decays. The quantity d is the average regener­

ator density normalized to full density. 

ni) Fiducial volume cuts are applied for the de­
cay vertex as well as for the tWo outgoing parti ­
des in the chambers, magnet gap and trigger 
counters. Furthermore, only events which decay 
between 0.1 and 2.0 KS lUetimes from the down­
stream edge of the regenerator are retained. 
The lower bound is to avoid the sudden drop in 
the detection efficiency at the veto counter and 
the upper one is a compromise between event 
rate and corrections due to CP violation.' . 

The final event sample, after subtraction of 
backgrounds measured without a regenerator, is 
exceedingly clean. This is apparent in fig. 1, 
where the invariant mass distribution for trans­
mission regenerated and regenerative scatter­
ings are shown. The only background correction 
which still needs to be done is for inelastic re­
generative scattering events.' These events can 
easily be subtracted out, since they have a flat 
an~lar distribution extending to much larger 
angles than the elastic ones. This angular dis­
tribution has been experimentally determined in 
a separate measurement in which the veto count­
er in front of the regenerator has been switched 
into a coincidence requirement [9]. The contam­
in.ltion or inelastic events 1s finally extracted 
from each set of data from the large angle be­
haviour. Correction factors are listed in table 1. 

Four-momentum transfer distribution for 
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Table 2 

!Pexpl2
Table of resu I ts for I 12 . 

Pextrap 
-----------·---------'1-------------------------- I 

i 3-c.m cOj:lper 4-cm lend ! 
!. plate plate I

--------------------4--------------------_. f 
Measured initial value; 1.366 ± 0.024 1.492 ± O.on \ 

Correction for CP- I' - 1 
violation effects in the i 
forward direction i 
a) from formula (6) : 0.813 ± 0.026 0.847:: 0.022 J . i 
b) from the time de- ! 1 

pendence of 211' de- ' 0.187 ± 0.031 0.855:: 0 O?,' Jf 

cay intensity,' . • -- { 

c) combined value of 0.807 ± 0.020 0.851:: 0.01::' 
a) and b) t j 

Correction for CP- 1 
violation effects in the 0.979:1: 0.003 0.979:1: 0.003 
scattering events 

Multiple scattering i 0.870 :I: 0.017 0.805:1: O.OO~
correction 

Subtraction of ine135- : 1.021 ;I: 0.002 1.026 ± 0.00: I 
tic eventa 'I .:.:.. 'I 

0.962 ± 0.03S 1.026:!:: o.o:!:! ! 
I 
1 

various regenerators are shov:n in fig. 2. In tht' 
extrapolation procedure, four-momentum trans· I 
fers are limited to 0.035 (GeV/c)2 for lead ;'Inc i 

I0.060 (GeV/c)2 for copper. Widely different up­

per cuts can be uS'ed without affecting the re· 

sults appreciably. Fig. 3 shows the extrapoll!\' 

procedure according to formula (6). TIle 510Ft' 

parameter B can either be fitted from the d:lIJ , 

fig. 3 or computed from the time dependence o! 


the 2;; rate and the kno'"..-n CP-violating; parlln­

eters. The two independent procedures give cO::' 


sistent results (see table 2). The actual corr.· 

tion factors applied to the data are listed in l:t ­


ble 2. The final result is compatible with ab· 

sence of electron regeneration, In order to rr ­

late the results to an r.m.s. KO radius we h3H 


taken for the regeneration amplitade at our :1"­

erage momenta'the measured values 

i/(O) - j(O); /k (31.2 ± 1.0) x 10-27 cm2 for 

lead [9] and (19.8 ::I: 1.0) x 10-27 cm2 for CO~­

per [6J, and th~ regeneration ph::J.ses [5, t. '3J 

arg[i{f(O) - f(O)}] ~-(43.8::1:7.2)0 and 

-(44.7 ::4.U)o, respectively. 


With the help of formulae (5) and (.3) we j:et 

'.R2) '" -(0.5 ::I: 1.3) x 10-27 cm2 

to be compared with the prediction of the \'f:';~~ 

Dominance Model [10] \R2) = 0.76 Y 10-2• r::," 
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!:X-..).!er estimates of Zel'dovich [31 gave the con­ ·5, S. Bennett, D. Nygren, H. Saal. J. Steinberger and 
~:'2b!y larger value, (R2) = 21.0 x 10-27 cm2, J.Sunderland. Phys. Letters 27B (19G8) 239; 29B 

" (1969) 317.
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Addendum to Fermi1ab Proposal #226 

Novembers 1974 




Since submitting the original proposal, we have refined the original estimates 
of the requisite running times. The major change is that the actual Ky fluxes in 
the M4 beam line, as determined in E-82. are significantly lower than those anticipated 
from a Hagedorn-Ranft type calculation -(see Fig. 1). In addition, we improperly 
calculated the running time by scaling the number of transmitted events of Foeth 
et al., but in actuality it is the diffracted events which dominate the statistical 
accuracy of the experiment. These changes have led us to rethink our approach to 
determining the effect of the KS regeneration off electrons. 

As outlined in our proposal, we have set ourselves the goal of measuring the 
observed tlH.L. Good" ratio to 1% for kaon momenta of 100±10 GeV/c. Since the ratio 
of transmission regenerated events t0 di2fraction regenerated events in a small 
momentum transfer interval (~t~200MeV2Ic ) is »1, the statistical error in the 
"Good ratio" is determined by the number of diffraction regenerated events in this 
t interval. The minimum running time to collect a given number of such events occurs 
for x=l, i.e. a 1 interaction length regenerator. Fortunately, the dependence on the 
nuclear parameters 0 22 and at t I' as discussed in our proposal, is about the Same as 
for the originally proposed rgg~nerator, x=2. (This is because the increased dependence 
on x is compensated for by a decreased dependence on a - See Equation 14 of Proposal #226.) 

Even with this rate optimization, the loss of flux leads to prohibitively long 
running times in M4, the 7.5 mrad neutral beam. It is, however, now experimentally 
known that in M3 (1 mrad beam) a much larger ~ flux is available, particularly around 
100 GeV/c.Using the M3 beam, we propose to attain the goals of our proposal in 1600 
hours. (We assume the use of 50cm of Al to decrease the n/K ratio in M3. This yields 
a factor of 10 more ~ flux at 100 GeV/c than presently available in M4, if we use 
the results of Longo et al.) An alternative scheme, which we have not yet fully 
explored, is to increase the solid angle acceptance of the M4 beam line. 

The critical reader will now raise the point whether our spectrometer can stand 
the increased trigger rate (~300/pulse) in M3. The answer is affirmative, based on 
the fact that we have been working on the full conversion to MWPC's for the past 
2 years. The system, 5 planes (8000 wires), is about ready for testing and should 
be available for operation by the time we are to move into }[3. 

Many aspects of this experiment do not require the high flux of M3 and can be 
explored with the present flux in M4. These include determination of the nuclear 
parameters aT and 0 optimization of anticounter configurations near the22 , regenerator used to suppress inelastic KS regeneration and neutron induced events, 
and the study of our ability to clearly ~dentify the diffraction regeneration 
events from a lead regenerator. The measurement of aT in "H4 is expected to take 
about 200 hours with our present apparatus. 

In summary, we would like to perform the experiment in t\vO steps: 

Phase I: 	Preliminary measurements and determination of some nuclear parameters, 
~500 hours in beam M4. 

Phase II: Electron regeneration proper, 1600 hours in beam M3. 

We note that we can begin Phase I with our present setup before the long 
hydrogen target needed to complete E-82 (our current effort) becomes available. 
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