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I. INfRODUC'fION 

The difference, f-if in the fonvar9 scattering amplitude
'.' 

of particles and their antip~rticles has been the subject of 

substantial interest. Pomeranchuk l predicted, on the basis of 

assumptions concerning the analyticity of the scattering 

amplitudes that f-f should asymptotically approach zero at 

high energy. The indications at energies below ~20 BeV favor 

the validity of the theorem. It will therefore be interesting 

to see how the differences (f-f) behave at higher energies. 

The Pomeranchuk theorem predicts the high energy asymptotic 

value of f-ff but it does not predict the rate of approach 

to this value. However, dynamical models 2 using Regge poles 

have been put fonlard which predict that the rate of approach 

should be as p-l/2 and that the ratio Re(f-f) should 
IM(f-f) 

approach unity at high energies. The latter prediction can 

- 0 0also be stated as follows: ~f-f = Arg(f-f)=45 or 135 . 

Both of these predictions are in reasonable agreement with 

present data. See for instance Fig. 1 for a compilation of 

cross section data. 

In the measurement of (f-f) the commonly used technique 

is to measure the total cross' sections for particle and 

antiparticle, and relate these to 1m f and 1m 1 with the 

help of the optical theorem. In this way a not unreasonable 

accuracy, perhaps ~l~~, can be achieved also at NAL energies. 

On the other hand, the determination of Re(f-f) requires 

delicate coulom."\:} interference experiments with positive 

and negatively charged particles and meaningful results 

may not be achievable at Nl\L energies. 

In the case of the KO and 1<0 mesons, however, the 
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regeneratio~"l>henomenon permits the measurement of (f-f). 

3both mag!:li tude and p11l'1SQ. with remarkable accuracy. 

A beam of ~, on traversing matter, will produce KS 

with a- relative amplitude tJ where 

P 
= 'lTi(f-f)

k 
ND 1 i~rDm/k-e 

( -i~rDm/k ) (1) 

and 

k = kaon momentum 

N = nuclear density 

D = thickness of converter 

~M == (ITT, -ms )-i (rL-r S )./2 

m = (ITT,+mS )/2 

The regeneration is proportional to the difference in 

the forward scattering am?litudes. Furthermore, if this 

+ ­regeneration is detected by means of the 'IT 'IT decay, the 

interference between the short and long-lived two pion 

decays is a lso observed. The time dependent bv'o pion 

intensity is given by the expression 

(-r ) 	 I 12 -r 1" \ \ -f1" ) I 12 -rL1"I 2 'IT == ~ t s +2p~ e cos(6m1"+O~ + ~ e (2) 

where 	11 = <'IT+7J-I TIL>/<'iT\r-\ T \"S> 

1" == proper time of kaon after traversal cif regenerator 

f = (rL + r s) /2 

~m = (mL-m )/2s 
Or,'! = Arg{r) 

and '0 == Arg (~) . 
T'I 
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In Fig, 2we have plotted expression (2) for the case of 

100 BeV/c kaons, a cross section difference of 0.5 rob, a 

liquid H2 target length of 5 m, and for various values of 

Re6f/Im6f. Experimental uncertainties which might reasonably 

be expected are also indicated for one of the curves. 

It may be worthwhile to note tvJO interesting aspects: 

1. The expected decrease In (f-f) with momentum, that is, 

(f-f) cr p-l/2, is more than offset by the kinematic effect 

of the longer laboratory lifetime, so that the regeneration 

amplitude ~, Eq. 1, for a target of optimum length is 

actually expected to increase with energy. The experiments 

are therefore expected to be easier at NAL energies than at 

lower enerqies. 2. The expected amplitude differences 

are still quite substantial, even at the highest NAL 

energies, and decreasing slciwly with energy. It 

seems therefore unrealistic to consider the proposed 

experiment as a critical test of the Pomeranchuk theorem. 

Instead it should be considered as a measurement of the 

dynamics, the precise way in which asymptopia is approached. 

II. APPARATUS 
, 

The proposed apparatus is based on one presently under 

construction for a measurement of the ~+_ phase at 

Brookhaven National Laboratory. It must, however, be 

modified to optimize it for higher momenta. These 

modifications consist chiefly of: 
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a) appropriate lengthening of the deca1 region an~ 

spectrometer 

b) conversion of the Cerenkov counter to He from H2 

c) addition of a shower detector 

d) addition of .a fourth wire chamber plane. 

with these modifications it will make an excellent 

detector at NAL. A layout is shown in Fig. 3. 

The vertical and horizontal scales of this figure are 

not the same. The longitudinal dimensions have been matched 

to the kaon momentum band 40-100 BeV/c, and may require 

modifications depending on the beam that will be actually 

available. \'le briefly discuss the component parts other than 

the beam itself: 

1. Tarqet 

The target is a liquid hydrogen (alternately deuterium) 

container. The optimum length is proportional to the momentum, 

in order to maximize Inl (Eq. 1). At 100 BeV/c , a target 

length of 5-6 m is indicated. The same target will also 

serve well at lower momenta. so that it will be possible to 

get the data for a wide momentum band in a single run. 

2. Decav Path 

Since it is informative to study the interference 

(Eq. 2. Fig. 2) for a proper time interval of at least 

~ 8 TS' the decay length should be at least ~ 40 cm*PK(BeV), 

or ~ 40 m at 100 BeV/c. It should have a minimum of matter. 

A vacuum would ,require a relatively thick window on the 
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proportionc:d chamber which follows, so that atmospheric helium 

or hydrogen throughout the apparatus, is preferable. In our 

apparatus, the helium tanks are flanged directly to the 

wire chambers, so that there isa single I mil mylar window 

separating the two. The total amount of matter traversed on 

the average by the decay secondaries in the decay region and 

spectrometer is 0.96 g/cm2 , almost entirely helium. 

3. Spectrometer 

The spectrometer consists of a magnet preceded and 

followed by two proportional wire planes. The total 

is enclosed in a helium container which threads also the 

magnet. The section between wire plane 3 and 4 acts as 

an atmospheric He Cerenkov counter. 

a. Magnet. The magnet is a joint BNL-Columbia effort 

and has an aperture of 96 in. x 22 in. It requires 4000 

amps at 140 volts, and is expected to be capable of imparting 

a transverse momentum change of 350 MeV/c. 

b. Charpak Chamber. All planes employ a wire spacing 

of 2 mm, corresponding to a spatial resolution a = ± 0.7 mm . 
•

Plane 2 has only vertical wires, the others have both vertical 

and horizontal wires. Together there are approximately 6500 

wires. Each wire is followed by an amplifier and pulse 

former mounted in proximity. The signals are then trans­

mitted to a central electronics station where they are 

gated and stored for reading into the computer. The 

transmission cable also serves as delay, so that a 

preliminary decision can be made before storage. Only 

events meeting certain simple requirements are stored. The 
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fundamental time·resolution of the chambers and amplifiers 

is ~ 20 nsec, and we expect to achieve an overall resolution 

for the entire 	proportional wire system of ~ 40 nsec. The 

time required to reject a stor~d event, or read it into a 

buffer for subsequent transmission to the computer 
, 

is 

200 nsec. 

c. Geometric efficiency and resolution. Monte Carlo 

calculations on two pion detection have been performed for 

the geometry of Fig. 3, to determine the efficiency 

as function of proper time and the resolution. The calculations 

include the effect of multiple scattering in both chamber 

and gas. The time-dependent efficiencies are shown in Fig. 4. 

In Fig. 5, as illustration of the resolution, expected mass 

+ ­distributions for K - ~ ~ events are shown for several 

momenta. These calculations represent the effects of 

measurement error and multiple scattering. 

4. C Counter 

The region between chambers 3 and 4 acts as an atmospheric 

He 	Cerenkov counter. A cross section of the optics is shown 

. . 6 The flat mirror through which the particles must 
~n Flg. . 

The counterpass is very thin, ~ 1 mil aluminized mylar. 

will count electrons of all momenta, and pions above 17 GeV/c. 

It is used to distinguish electrons from pions, for 

momenta belmv this value. 

5. 	 Trigge~ Counters 

. 2 x 6 = 12 scintillation counters,A plane containlng 


1/8 in. thick, and covering the area of the last Charpak 
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chamber, is used· to supply a 
•. > 

trigger pulse which determines 

. the stor(1ge of an event·· in the Charpak chamber memory unit.· 

These events are then t~ansferred to the magnetic tape units 

if certain additional properties (such as at least two 

tracks in each Charpak plane),are met. 

We point out here that the step of accepting an event 

into the chamber memory unit and its possible rejection 

because of inadequate information content requires only 

"'-' 200 nsec in our case, as against", 5 milliseconds in the 

conventional spark chamber setup. This has two advantages. 

For one, the trigger which initiates storages can be considerably 

looser, since little beam time is lost even if a large 

fraction (say 99%) of these events are rejected before 

storage on magnetic tape. Secondly, the preselection of 

events before magnetic storage makes it possible to have a 

higher percentage of events which will reconstruct. 

6. Shower Detector 

The Cerenkov counter will not differentiate between 

electrons and pions above 17 BeV. We therefore insert 

an electron detector of a simple type behind the trigger 

counter. It consists of a lead converter sheet, 

approximately 4 radiation lengths thick, followed by two 

planes of crossed scintillator strips, 23 cm wide and 5 rom 

thick. The horizontal strips are broken in the center. 

Altogether there are 20 countex·s. High energy showers will 

produce pulses of the order a hundred times minimuM,and 
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can therefore be selected from pions and muons by the 

requirement of a large pulse in each plane. The 

horizontal and vertical counter numbers provide 

a rough position measurement of the electrons. 

7. Muon Detector 

This consists of a filter of ordinary concrete 

~ 5 m thick, followed by a scintillation counter 

arrangement of the same general geometry as that of the 

shower detector. The counters planes are separated 

by ~ 1 m of concrete. Minimum muon momentum for 

detection is ~ 3 GeV/c. Discrimination against 

hadrons and electrons is ~ 10~1o. 

8. Computer 

The apparatus has a PDP 8 attached, which is used 

to check the operation of the Charpak chambers and 

circuits, and the Cerenkov counter. We do not expect 

to write the magnetic tape with this unit, nor to 

monitor the data acquisition. For this purpose we 

require a computing facility. hopefully furnished by 

NAL, which has a memory capacity of ~ 30,000 

18 bit words, or its eauivalent. 

III. BEAM, RATES AND RUNNING PERIOD 

A. Beam Intensity 

The beam intensity is limited not by the available 

intensity, but by the background produced in the 
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regenerator. The thickness of the regenerator is ,...... 35 g/cm 

which is ,...... 016 mean nuclear free paths. Secondaries 

produced in the regenerator give spurious, time uncorrelated 

tracks in the chambers. A condition on the tolerable 

level of these spurious tracks then imposes a condition 

on the maximum tolerable beam flux. The permissible beam 

flux is therefore inversely proportional to the resolution 

time (memory time) of the wire chambers. Since this 

is of the order of 30 times shorter for Charpak 

chambers than spark chambers in such a long apparatus, 

the permissible beam intensity, and therefore the 

data taking rates also, will be ~ 30 times faster 

for proportional chambers than for spark chambers. 

In order to estimate the permissible kaon flux. 

we assume that there are"'" 100 neutrons/KL in the 

momentum window, that 50"1c of the neutrons interact, 

that the interactions produce on the average one track 

in the wire chambers, and that one can tolerate an 

average of one spurious track/event. with a 40 nsec 

resolving time. the permissible KL flux is then 

0.5 * 10
6

/ sec . 

B. Beam Location at 

The design of secondary beams at NAL is not yet 

completed. so that the alternatives are not as yet clear. 

There seem to be t'i,vO possibi Ii ties. one a beam at "-' 6 mrad 
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produced on an internal target, the other at a much smaller 

angle, at present thought to be ~ 1.5 mrad, produced on an 

external target. The internal beam has the advantage of 

being available sooner, but has the disadvantage that the 

kaon energies which would be available would be lower 

because of the larger production angle, even if the 

accelerator is run at higher energy. The latter state 

of affairs is shown in Fig. 7, where expected ~ spectra 

are sho\m at 6 mrad for both 200 and 400 BeV/c incident proton 

energy, as well as at 1.5 mrad and for 200 BeV incident 

protons. All spectra are taken from the calculations 

4of Awsha 10m and Yfni te as quoted by Cocconi 

The spectra falloff rapidly at the high momentum end. 

In order to get some idea of the upper energy limit 

available for these three beam conditions, we arbitrarily 

assu[ne that the beam is useful up to a momentum at which the 

kaon int.ensity has fallen to 1/10 of its maximum. These 

moment.a are given in Table I. 

Also tabulated are estimated neutron background fluxes, 
, 

which are considerably higher at small angles, as well as 

the expected duty cycle, which depends on the circulating 

beam energy at least for some years The background 

figure of merit is duty cycle divided by neutron flux. 

'1"he bac1~gro1J.nd favors the larger product.ion angle, but this 

in our mind is more than offset by the higher availab 

energy at smaller angles. We note here that in the case 

http:bac1~gro1J.nd
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of an external target, the available beam intensity is at 

st an o~der of magnitude greater than necessary and it 

would probably be advantageous to introduce a low z 

moderator into the beam. The neutron cross sections at 

these energies are approximately the double of the kaon 

cross sections, and a moderator which reduces the kaon flux 

by a factor of ~ 10 would reduce the neutron/kaon ratio 

by a ctor of the order of S. 

On the basis of these considerations, we. prefer the 

external beam solution at the smal angle. 

At 1.S mrad, and with an aperture of 2 in. x 2 in. 

12at lSOO ft, approximately 10 protons on target are 

su cient to produce the maximum tol Ie intensity. 

C. Rates_ 

We assume for the moment a proton energy of 200 BeV/c 

and a neutra 1 beam at "-' 1. S mrad. kaon momentum 

spectrum is expected to peak at tely 40 BeV/c 

and 11 to perhaps 1/10 of its peak intensity at 130 

BeV/c. Perhaps S~1c of the kaons will in the band 

40-130 BeV/c. 

The "luminosity" of the can be expressed In 

terms of the nurr.ber per short lived 

Ii lvith the foregoing numbers I the inclusion of 

an overall loss factor of S~1c for of reconstruction 

and losses, a duty cycle? of 20'Ic, and an 18 hour day, 

+ ­the expected rate will be 1000 d -+ IT 1T per day 

per Ts in the momentum interval 40- 0 BeV/c. If the 

momentum band is divided into 10 bins of equal intensity, 



-12­

then the total signal from a two weGk run will be of thG 


+ ­order of 1400 KL .... 7T 7T decays per TS per momentum bin. 

The time of two weeks should be doubled to include a 

measurement with deuterium and probably doubled again to 

make allowance for preliminary measurements, checks, and 

mistakes. This would bring the total beam time to 

'" 8 weeks. 

D. The Analysis an~ bccuracv 

The problem here is not substant lly different from 

o +­that which has been mastered in the K .... n- 1T interference 

experiments which lead to the determination of the phase of 

'Tl+_. Systematic problems, such as knmvledge of the time­

dependent efficiency, and backgrounds due to other decay 

modes are not expected to be important. The accuracy which 

can be expected depends on the actual values of the magnitude 

and phase of (f-f), but is expected to be of the order of 

one percent in If-fl and ~ 50 in the phase for each of 

the ten momentum bins. Of course, the phase which is 

measured is 0~f+¢'Tl and it is necessary to know ¢'Tl to extract 

r:tJ ~f' At this time, ¢'Tl is knotvn to 4_5
0 accuracy, but at 

the time of the proposed experiment, it should be known with 

10 ,..... accuracy, so that no appreciable error is expected 

from this source. 

IV • T 11'1'£ SCHEDULE 

'The bulk of the apparatuG should be ready at 13NL 

towards the end of 1970. During 1971 and the beginning 

of 1972, it is expected that measurements leading to a 
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precise '11+_ phase will be performed. The most. convenient 

time for transfer to NAL would seem to be towards the 

middle of 1972. As nearly as we can tell this will fit 

well int.o the NAL schedule, but modifications in the 

BNL schedule are possible and can be discussed. 

Concluding Remarks. 

1. The measurement of the regeneration amplitude 

in,hydrogen and deuterium, at high momenta, as a function 

of momentum, would provide use 1 data on the dynamics of 

the approach of the fonvard scattering amplitudes to the 

Pomeranchuk limit. In this respect the neutral kaon 

provides a unique experimental opportunity. 

2. We believe that the ChClrpak chamber spectr'orneter 

is at present the best apparatus for getting precise data. 

3. We propose to bring such an apparatus to NAL, 

after it hCls been tes and used at BNL. 

4. In order to achieve the highest kaon momenta it 

will be necessary to work at a correspondingly small beam 

production angle. In order to achieve th ,we 'would 

•
prefer to work in the external beam. 



TABLE. I 

Available kaon momenta and neutron contamination for 

three possible beam situations. 

Maximum Ratio 
BackgroundAvailable Neutron fluxBeam FigureMomentum to kaon flux Duty Cycle of MeritGeV/c above 40 G eV /c 

200 GeV/c 
incident 
proton at. 
1.5 mrad. 

200 GeV/c 
incident 
proton at 
6 mrad. 

400 GeV/c 
incident 
proton at 
6 mrad. 

130 70 0.2 0.0029 

85 24 0.2 0.0083 

102 5 0.06 0.012 
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FIGURE CAP'I'IONS 

Fig. 1 Momentum dependence of particle and antiparticle 

cross sections and predictions of Regge Pole 

Fig. 2 

models. From Allaby, 

Time dependence of KL 
et al, 

+ -~ ~ ~ 

Ref. 

- KS 

5. 

+ -~ ~ ~ 

interference following a 5 m long H2 regenerator 

at 100 GeV/c assuming oK - oK = 0.5 mb and 

various phases of f-f. 

Fig. 3 Top and side view of proposed layout. Note 

the difference in transverse and longitudinal 

scale. 

Fig. 4 Calculated detection efficiencies of the 

+ -apparatus of Fig. 3 for K - rr ~ decay as 

function of the kaon proper time, for three 

values of the kaon momentum. 

Fig. 5 Calcu ted resolution function in the kaon mass 

for the decay K ~ curves represent the 

effects of wire chamber resolution and multiple 

scattering. 

Fig. 6 Section through Cerenkov counter. 

Fig. 7 Expected KL fluxes for three different beam 

conditions according to Awschalom and Hhite. 4 
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The neutral kaon is expected to have a short range 

electromagnetic interaction which can be characterized by 

a charge radius R. On the basis of one particular model, 

10-27 2expected to be 0.76 x cm . This interaction 

gives rise to a R-e scattering amplitude. For kinematic 

reasons, this amplitude is con to laboratory angles 

less than ~ me ~ 10-3 . The cross section is too small to 
mk 

o much hope of direct measurement at present. However, 


the interference between the forward regeneration 


amplitude so produced, and the nuclear regeneration, 


should be detectable. 2 


If 	f21 is the electron regeneration amplitude in 
e 

the forNard direction for all electrons of an atom, 

and f21 is the nuclear regeneration amplitude for the 
n 

same atom, then the transmission regeneration effect lS 

2dominat:.ed by If21 + f 21 1 , ...,,,hereas the di ffraction 
n e 2 

a.tion is dominated by \f 1 alone. That is,21 n 
electron regeneration contributes coherently to 

transmission regeneration, but not to diffraction 

regeneration. The method consists in comparing the 

intensity of transmission regeneration to the 

differential cross sect diffraction regeneration, 

extrapolated to zero ang 

f2l is much smaller than f21 ' and this is the 
e n 

of the experimental problem. In the one previous 

http:dominat:.ed
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unsuccessful attempt to find this interaction, 

was found to be (1.3 ± 2.0)%.3 The expectation of the 

model of Lee et all would have been 1.2% under these 

conditions. 

The advantage offered by NAL is due to the higher 

kaon momenta. f21 is proportional to the momentum, whereas 
e 

f21 is expected to be proportional to the square root of 
n 

the momentum, if the momentum dependence observed at lower 

energies and predicted by Regge Pole models extrapolates 

to the higher momenta. If21 I may therefore be/f21 e n 
expected to be proportional to the square root of the 

momentum and the fect to be expected at NAL is 

considerably larger than at lower energies. with the 

above pr ses the model would predict If21 I tl'gI 5%/f21 e n 
at 60 GeV/ c. vli th our Charpak chamber detector we expect 

to be able to be sensitive to an effect as small as 

~ 1/2%, so that the measurement of the kaon charged radius 

at NAL would have a high probability of achieving a 

positive result. 

The measurement consists in observing the time , 

dependence a angular depencl:::mce of the regenera tion 

produced in a fe"" centimeters of uranium. The beam and 

apparatus are identical to those of the hydrogen regeneration 

experiment. A total additional running time of ~ 2 weeks 

should be sufficient. 
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