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ABSTRACT

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

neutral beam M4 to a determination of the amplitude for regeneration'

of Ké by electrons. This quantity is directly proportional to the

rms neutral kaon charge radius, R2. NAL is uniquely suited for such -
8 determination, since the electron contribution to regeneration is

-~ 7% at 100 GeV, and grows as the sguare root of the kaon momentum.




The K° is neutral

albeit not quite

it shows its chargg_)radius

to those who are bright.

A photon exchange, when properly done,

Will suddenly turn a KZ into a Kl

The regeneration, while admittedly rare,

Is obviously proportional to the kaon's qu
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 Ko REGENERATION BY ELECTRONS

In our approved NAL proposal, E-82, we alluded briefly to our
intention to study electron regeneration (p‘é'). In the present
proposal we wish to spell out the dgtails of the experiment that we
would like to perform. Since we inténd 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. Thgpretical background.

o =0
K™ and K~ have conjugate charge distributions, and will thus

© —

scatter from electrons with aﬁplitudes fe;fe of equal magnitude and

~

opposite sign. Hence there exists a regeneration amplitude

s e .
p_ = 2ri NL £, /k (1)
e . R 2
and fgl/k is proportional to R , the rms charge radius of neutral
2
kaons, viz. le/k = - o R7/3 (2).

To predict the magnitude of KS regeneration from electrons, one needs
2 .
hence an estimate of R ; conversely, a measurement of Pe {(such as proposed

here) serves essentially to determine RQ.

R2 can be predicted from the observed rate of e + e > K + K (with
some vector dominance and SU (3) assumptions), or from the "algebra of

l B
fields" considerations of Kroll,Lee and Zumino [».J! who give
2,0

In either case, we expect regeneration by electrons to be less strong than



predicted in the early work of Zeldovitch L2] . corresponding to Rez 21 mb.

An important fact underlying the experiment proposed here is that.ge
is independent of k, the K momentum, whereas the corresponding (and domi-
nant) nuclear amplitudenyN is expected to decrease as kfl/g, 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 adept for measuring § e is essentially
the same as that used by the Aachen-CERNﬁE@TinQ group in their experiment directed

r
at the same goalis]

(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 "transmission regeneration" amplitude ¢ at the exit of

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

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

P = Py t Py = 2ni NL [fgl(ﬁl + ngl(O}J [k, (4)
The intensity of transmissionaregenerated"Kgg is‘

T o= jp|® = (7-21'}—{& )2 [£5,00) + ze5,(0)[F (5)
where we have neglected attenuation in the slab , and CP-interference effects
behind it. Since terms gquadratic in f§1 will always be negligible in

practice, we can make the approximation
N 2, e
£, (0) ¢ Zf
2 - 21
tQi “{L+23e . (0)]' (6)
' £21(0)

Ntr = (2r N L)

The essential point is that Ifgl(o)/kl can be determined independently from

the so-called diffraction regeneration extrapolatel to£h= Q. When momentum Is



http:Aachen-C~ori.no

3

transferred to the scattering centers, then these act incoherently among
each other and lead (again neglecting attenuation and CP-effects)to the ré.,

generated KS intensity.

GAAfE ~ s 9 ol
anN N
TR (.'3“) = NL{ifu(B‘” + Z |f§1 () l}
2
= NL"lf21@SQl N &P
!
again neglecting the electron term. In a more convenient notation, one
has
aiff o 2
% (t) = =NL l-é‘i-l-(-}-)- (8)
K

Extrapolation to t = O (see Fig. 1) yields aN/dt (0), and one can rewrite

( 6) in terms of observed gquantities

tr X
1 N Z £5,(0)

Tm WL (an/ac(o)as” =1+ 2 Re TV (o)
) 21

(9)
L = + -
or RObS/hﬂ NL=1% ¢ |

t ai . , ; 3 !
where R = N T /At EN 1ff/dt(0):] is the well-known "Good ratio" (for a thin slab),

and € the quantity to be determined. Thus the experiment, in its idesl-

ized version, consists in measuring Robs'

At this point it is interesting to estimate numerically

z £5,(0)/k |
€= 2 Re — (10)
r21(0)/x

For Pb, (fe - Eé) /& = 82 x 3.65 x 1073 = 0.30 mb according to Egn.

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

the other hand, (f" - £%)/k has at 4 GeV a modulus of 32 mb, and &

3
phase of -135° [ 1 Thus

_0.30 V2

e(Pb , b Gev) = %

= <1.4% (11)




It is anticipated that (see our proposal for E-82) the nucleon amplitudes
- ~1/2

(f-f)/k fall as 1; / ; and we assume that the nuclear regeneration exhibits
the same momentum dependence (this assumption was borne out by detailed

optical model calculations). Thus e is expected to grow ask’l/2 » yielding

typically
€ (Pb , 100 Gey) = =77,
, ;

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 o from its "theoretical" value

ob:
which yields €. 1In actual practice, éome of the simplifying assumptions
used in the derivation above do not hold, i.e.

(a) the slab thickness L may not be small in térms of A(k), the
mean decay lengtﬁ'of‘Ksﬁs;

(b) L may not be small in terms of p= 1/N oy , the mean free path for
interactions in the regenerator;

(¢) 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. A(100 GeV) is 500 cm,
far greater than I for any practical regenerator.

Assumption (b) is most serious. Aside from attenuation (which is the
same for KL and KSS) multiple scattering effects arise in a "thick”
regenerator; affecting the Good ratioc drastically. Piccioni and his

r

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

Good ratio, while Foeth et al. [3]have treated the same problem by Monte




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

parameters o, O and dc2l/at, and these must be well-known to

22"
make an adequately accurate prédiction 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 easiest to apply to "strong", i.e. thick,
regenerators. z

Note that in the case of the Aachen~CERN-Torino experiment.['313'fﬁf
which Eqn. (11). predicts a net effect € =.-1.4% , ﬁﬁngariaﬁsccbrrééﬁ;
ions to the "ideal" Good ratio amounted to about 30%.

Qur approach is to decouple ourselyes as much as possible from the
dependence of R Cthé'Good ratio cslculated for'the,convérgent seriés
corresponding to infinitely many~posSiblé scattéring in tHé’regéneratorI
on the nuclear parameters in question. In other words, we seék~that
"magic length" L, for which B exhibits an extremum réspect to these
parametefs, .

It is convenient to meassure the regenerator léngth.in units of’thé
interaction mean free path u = 1/N o, i.e. L/u = LNoy = ¥, We_find

s

that the magic length is X, = 2. Note that since NS, the intensity of

coherently (trasmsmission) regenerated’%sts , goes {for L/A << 1) as
x2 e—x s Xg = 2 also corresponds to the maximum possible Ké intensity
(per incident KL).

To obtain this result, we first consider R_ in the absence of

CP~violating interference effects (for L/A << 1) as given by Ref. L.

T (VL Uzz)n N In _ (n-1)
RO/R ={ T L—————( Gn(r\;= 0) 16-‘}‘2‘£t0—5—|—2+ (N?\L)z g AR (12)

=3 ) ‘n-_—l (_n)«-k . |f22(0) 12

n NL o ' ;
oame ) o
|f22®l|2)_{/ NLA




2
’fZZCQ)[ 27

mos; * *T g @nd R = LnlL(lre) is.the

where Gn( =0) =
Good ratio in the absence of mulfiple ééétﬁefiﬁé’éﬂﬁ'CP interference.

This formula can be simplified by noting that fop = (r + T)/2 is

esgsentially purely imaginary at the energies of interest here. Thus

GT = B‘E‘ Im f22(o) = i-:_'n‘ f22<0)‘ Cl3):

2
the elastic scattering cross éection, is given by;(gélfgz} » and

922
it is useful to introduce the variable a = 022/ T With these notations
one has
- 1
(o x)° X |2
R/R = %X -,
o/ e p=1  (n=1)! (1-5 (1)

Using the optical model and the measured charged kaonﬁnucleér totsl cross
sections (extrapolated to 100 GeV) as input parameters, we have computed
the relevant amplitudes and cross sections for fb; our results are given
iniTable T. Since the charge averaged cross sections.afe, for k > 20 GeV/c,

anticipated (at the 1% level) to be momentum independent, o is also expect-

ed to be so.

Fig. 2 shows a plot of Rw/Ro as a function of x, calculated with
¢ = 0.319 (see Teble I). Since a is k-independent, this curve is "uni-
versal”. With 4= 13.1 cm , L, is 26.2 cm and £ = L/A = 26.2/500 = 0.052
for kX = 100 GeV/c. As % << 1, the thin slab approximation is valid, and
excludes any additional momentum dependence of LO.
The prime question of interest is the sensitivity of R_ to the
¢ nuclear parameters or and Top forx = xo‘, since these are not too welle

known a priori. We find that R_ changes by 2.0%  for a 1% change in Ty,




and by 0.5% for a 1% change in gy. Before accepting the regenerator of
“yagic thickness', we have to remove the last éimplifying assumption
made sbove, i.e. we have to allow for CP interference effects down-

Astream of the regenerator, As is well-known, interference between

transm;ssion regenerated Ké's and KL decays yields the 2w-distributiont

2 ¢ ‘
TOTans, o o) {}'t/fs'+ In+—/91 ST 4 2ne/o| €82S cos(amt -%}¥15)
which can be fitted to yield ipynﬁﬂl- (¢=¢§*¢+“§ 90°) Similarly, the dif=- -

fraction regenerated component has a distribution:

n;l ‘ 4"\\"v N
dIg%ff(t)/dt = (C[Fﬂ /R ) g ~OXL (GK) e"‘t/Ts(,é_j,:; ,‘lf_*_in‘*‘/p,lznj;ze-t/'[z‘
© n=1(n-1)! - " n
~—-~l)ln fpl /ZTS cos (Amt ~¢’£j‘

. where p= fal(O)/fzz(O) and ¢ —¢21—¢92—¢ 909. Interestingly enough

p” = p for the"magic thickness X, = 2 ! Integration over m Kékprope?

lifetimes yields (with m T << TL)

/ 1™ 4 [ n, /pl2 m+ 2 {n /pl [l - e m/2(51 /2 + cos /2) ]
R/R =

O
) i o )! {(——-— -1)%(1-e™)4m|n,_/p" | l)h’-ﬁ‘*/-e—i l:l -e m/2(51n z+ cos&)]

1(n-1 2
As seen in Fig. 3, if we integrate over a fixed distance in the lab, RN/RQ
ié‘practically momentum independent.
Thus, including CP-effects, xo£2 remains that "magic"” slab thick-
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 K, regeneration by transmission and by elastic diffraction, also in=-

5

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

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

———

. . . o ,0
to the ipelastic scattering of K-,k on nucleons, has a vastly different

t-dependence from that of ordinary diffraction regeneration [égl(tlpis



governed by the nuclear size!] but nevertheless constitutes a background

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

This contamination” is hard to calculate theoretically, but could amount to
;~10%\[5]» Wanting to determine the;Qood ratio to 1%, it will hence probably
be sufficient to determine this background experimentally to 10% accuracy s
such a determination can be done (a) by exploiting the different t-dependence,

5]

(b) by suitable co-incidence or anticoincidence requirements'# involving

T

the unwanted secondaries. o . . " .
. ! ‘ N

"It should also be pointed out that the transmission and
diffraction regenerated events should have the same momentum (k) dis-

tribution (to the extent that the @664 ratio is momentum independent),thus

providing an easy check for the contamination in question.

4. Ancillary Measurements

a) Measurement of

The attenuation of KL mesons is easily measured by standard "good
geometry' trensmission techniques, i.e. by inserting material in the Ky
beam far upstream of the usual regenerator position. The transmitted
KL‘S can be detected either via their copious Kzamodes, or by using a
thick regenerator as a "conmverter" (to KS»Zv), or even via the rare
Ki+’ﬁ*w“m@de. In either case, 1% accuracy in UT is easily obtained. The

"magic thickness" of the regenerator actually to be used in the experiw

ment proper is also readily checked by transmission.

b) Measurement of 055

2
We recall that oj, =§d§2]f22&3")[ , and that f,,(0) is essentially
pure imaginary.  Thus [fzz(O)l is given directly by o . while the
T
angular (or t) dependence is most easily obtained from a measurement of

0537 and an appeal to the optical model. Table IT, based on detailed




calculations, shows that while o5; and the differential cross section

d 05,/dt vary with the nuclear shape parameters, wesy—rdbirtire—ructesr

‘

shepe—poremeberes the integral oy, is very insensitive to the latter

{(which are, in the case of Pb, already rather well knowntsj). Thus a

measurement of 0,3 basically constitutes a determination of o35,

There are also direct methods for determining 0,5, e.g. studying

‘ !
the diffraction of KL'S (detected via the K _ mode) or of KS'S from a

%3
short-lived beam (such as built for E-8].

(e}  Measuremeént of djy;

This is readily done by measuring the diffraction regeneration
dopi/dt from a moderately thin regenerator (to keep multiple scatter—

ing effects down).

(d) Measurement of inelastic regeneration.

This can be done in a number of ways. The simplest is to see (wifh
a moderately ﬁhin regenerator) how the minima of the diffraction regene-
ration distribution (- dopy/dt) get "filled in" by the inelastic evénts,
and in fact to_follow that distribution out to large t's where the
elastic events should practically vanish, A more direct way is to
trigger only on inelastic events, requiring a charged secondary from
the regenerator in coincidence with the usual 2n~trigger. Finally, one
can étudy regeneration free 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 "on".

5. Organization of experiment and running times.

Since we expect a T% effect? e, at 100 GeV, we set ourselves the




10

goal to measure Robs to 1% at this energy and to be able to predigt R
to 1.5%, yielding a combined error of ~1.8% in & . This prediction of
R, requires a determination of or, to 0.5% and of dgsp to 0.75%.

Of course, 100 GeV is just an arbitrarily chosen reference energy,
since all K > 30 GeV are studied simultaneously. Fig. 4 shows the KL
spectrum predicted for our beam line, as well as the number of Ks's
regenerated by a Pb block of amagic" thickness Lo = 26 cm and accepted
by our spectrometer.

Assume that we require 105 regenerated 100 GeV events to measure
R s to 1% (Note that in Ref. 3 80K events were collected to deter-

ob
1z . . . .
mine R, to 1%4). At the time of writing, 0.5x10 2 interacting protons/

ob
burst appear to be a reasonable estimate. This yields ~ 1 regénerated(
and detected Ké}w*ﬂﬁfévénts at (100 & 10 GeV)/burst, or §18K,sucﬁ évents/ ’
day. Thus, we could, in principle, céllect the main body: of data in @5 days
(15 shifts) of running, achieving our stated statistical goals at 100 GSV
and exceeding them at lower momenta. In practice, we may need more time,
Under the running conditions stated above, we predict a .total rate of
detected 27-events of .26/burst. Whether we can handle such a large
rat;; 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 etec. 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 & spill of 300 msec, one would be
limited to < 50 total events/burst, corresponding to perhaps 5 "good"

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

intensity (10 interacting protons/burst) for 25 days (75 shifts).
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The ancillary measurements discussed in Section & 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 MWPC's 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
ally in view of the present QJdnell973) status of the structuré and

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

complement of MWPC's 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 operaﬁion,
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<98, Mo~p scattering).
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TABLE 1. Optical Model Galculations for Pb

18.7 mb[a]

]
fi

Inputs: qT(K"’;p) 18.2 molel gT{K"fn)
55 GeV/c

19.5 mb{i’}

"
i

Oip (K p) 20.5 mb[b] o';II{ (K n)

£(K N") assumed pure imaginary.
f(Kﬁh{’) have real parts chosen to yield ¢5; = -135°.
Extrapolation to 100 GeV:

o K'p)

i

18.5 mb GT(K+n) 18.8 mb

i

a.

i
il

o {E7p) = 20.2 xb onK'n) = 19.4 mb

Same assumptions for amplitudes.

, <l
Nuclear model: pp=pn = C[l + e(r - 6'6)/0'?1 (r in fm)
—_ ¢
Output : 55 GeV/e: (f - f)/k = 9.98 mb 0T= 2329 m'b[1
opp = Th2 mb 0p1 = 0.631 mb
100 GeV/e: (f - £)/k = T.41 mb o = 2329 b
gp0= Th2 mb 031 = 0.348 mb
22
p o= l/NGT= 13.1 em o = 5—;~= 0.319

[a} Phys. Lett. 36B, 415 (1971):
]’b’l Denisov et al., contributed paper No. 924 at the 1972 NAL Conference.

[c] At 9 GeV, Lekin et al. measure o = 2307 (55) mb.




TABLE II. Dependence of Optical Model Results for Pb on Nuclear Parameters
(Input at 55 GeV/c as in Table I)

- -1
Nuclear Density Distribution - gégn\= c ll *e(r Eﬁjh)/@éth
\

() n(m)  alm)  oalm)  ogm) o) on(m)  ei(cen)
6.60 6.60 0.50 0.05 2329 Th2 0.631 -.0098
6.60 6.60 0.50  0.68 246k o 0.761 -.0002
6.60 7.29 0.50 0.50 2378 736 oﬁégax‘” ~.0090-

tl,t , ore the positions of the first and second diffraction minima in dogo/at

: 2
t; (GeV)
-.0378
-0354

bl ] 0333
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Since submitting the original proposal, we have refined the original estimates
of the requisite running times. The major change is that the actual fluxes in
the M4 beam line, as determined in E-82, are significantly lower than fhose 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 "M.L. Good" ratio to 1% for kaon momenta of 100:10 GeV/c. Since the ratio
of transmission regenerated events tozdiﬁfraction regenerated events in a small
momentum transfer interval (Atv200MeV™/c™) 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=1, i.e. a 1 interaction length regenerator. Fortunately, the dependence on the
nuclear parameters ¢ and Oiotal® 25 discussed in our proposal, is about the same as
for the originally pYoposed rfégenerator, 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 eritical reader will now raise the point whether our spectrometer can stand
the increased trigger rate (v300/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 o,, and 0,,, optimization of anticounter configurations near the
regenerator used to Suppress imelastic K, regeneration and neutron induced events,
and the study of our ability to clearly identify the diffraction regeneration
events from a lead regenerator. The measurement of Op in M4 is expected to take
about 200 hours with our present apparatus.

In summary, we would like to perform the experiment in two steps:

Phasge 1: Pfeliminary measurements and determination of some nuclear parameters,
2500 hours in beam M4,

Phase L1l: 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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