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while in the deuteron potential these parameters were
taken to be 6 MeV, 1.0 F, and 1.0 F, respectively. A
surface-absorption term was used in the central po-
tential for both protons and deuterons. In these calcula-
tions it was assumed that the neutron is picked up
from a ps~s state in Be'. The cross section calculated
using these parameters is shown in Fig. 1.

Although the calculated (Tss) generally agree with
the measurements in sign, they seem to be consistently
smaller than the measured values by at least an order
of magnitude. Varying the depth of the central potential
and using volume absorption instead of surface absorp-
tion for the deuteron does not improve the agreement
signi6cantly, nor does the use of a complex spin-orbit
term. The effect of increasing V, in the deuteron po-
tential from 6 to 8 MeV is to increase the magnitude of
(Tss) by about a factor of 2 and to increase (Tsr)
somewhat less, but the predicted (Tss) then become
positive for angles less than about 60'.

It remains to be seen whether the small values of the
(Ts,) predicted by the DWBA calculations result from
the failure to include additional spin-dependent inter-

actions, such as the tensor interaction, in the calcula-
tions. Another possible shortcoming of the calculations
may be the assumption that Be' is well described by a
pries neutron moving in the Geld of a spherically sym-
metric Bes core. The inclusion of deformation effects in
the Be' nucleus might alter the predictions of the
D%BA appreciably.
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Regeneration of Kte Mesons and the Xte-Xso Mass Difference*
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We have studied the regeneration of EJO mesons using a beam of K~o mesons produced at the Brook-
haven AGS. The EJO mesons were detected with a pair of magnet-spark-chamber spectrometers that mo-
mentum-analyzed the two decay pions. A test of the coherence of the transmission regeneration is made by
comparing the yields from half- and full-density copper regenerators. The E~'-E~ mass di8erence was
measured with a regenerator consisting of two pieces of copper separated by a variable air gap. This method
is independent of all nuclear scattering parameters and yields a mass di6erence of 0.50~0.10 in units of
$/~& (where v ~ is the EJO mean life). Data taken with single copper regenerators of various thicknesses yield
mass differences consistent with this measurement. Mass dift'erences larger than 1.0 are strongly rejected
by our data. The forward regeneration cross sections for C, Cu, Fe, and W were measured and found to agree
with optical-model calculations. Regeneration in liquid hydrogen was also investigated and the results
compared with theoretical predictions.

I. INTRODUCTION

HK striking prediction' that the passage of a
parallel beam of E20 mesons through a slab of

material generates a parallel beam of EI mesons was
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confirmed by R.K Good et al.s The regeneration theorys 4

predicts a dependence of the E&' intensity on the mass
difference. The mass difference has been measured via
the regeneration phenomenon by several authors. "-'
The present experiment was performed to study the
coherent regeneration mechanism in detail and to make
a precise measurement of the E&'-E2' mass diBerence.

«R. H. Good, R. P. Matsen, F. Muller, Q. Piccioni, W'. M.
Powell, H. S. %hite, W. B. Fowler, and R. W. Birge, Phys. Rev.
124, 1223 (1961).' M. L. Good, Phys. Rev. 196, 591 (1957}.' K. M. Case, Phys. Rev. 103, 1449 (1956).' T. Fujii, J. V. Jovanovich F. Turirot, and G. T. Zorn, Phys.
Rev. Letters 13, 253, 324 (1 ).



R. E G E N E RA T I 0 N OF X1o M ESONS B75

The propagation of a E' beam is described by a pair
of coupled diGerential equations:

dEoo/dx =A Koo+ BE/,
dE,o/dx =CK,o+DK,o

The coeKcients are the rates of change of the E&' and
E~' amplitudes due to scattering, decay, and propa-
gation, namely,

2 = 2~iN f»(0)/ko+iko 1/2—Ao,

8= 2s.iN f»(0)/ko,
C= 27riN f»(0)/kg+ikg 1/2—&g,

D =2s iN for(0)/kg,

where E is the number of nuclei per cubic centimeter,
k~ and k2 are the wave numbers of the E~' and E2', and
A~ and A~ are their respective mean decay lengths. The
regeneration amplitude is foq(0) = —f»(0) = ~o(f+—f ),
where f+ and f are the forward scattering amplitudes
for the strangeness +1 and —1 states. Similarly, the
Eoo scattering amplitude is f»(0) = fu(0) = o (f++f ).
Ke note that a CP violation does not alter the EP and
Eg' scattering amplitudes provided CET is conserved.
The regeneration calculation is unaGected, but the
states of de6nite mass and lifetime must now be
written

and
EP= pE'+qE

K,'= pE' qE', —

where &E'(0) and Eoo(0) represent the initial amplitudes
incident on the regenerator. The complete solution
contains terms of the order of I 2'

fo~~(0)NA&/k&
I' which

arise from the regeneration of E~"s from the regenerated
E,"s. Since Eo'(0) is much greater than E~'(0) for all
cases in this experiment, these terms, , as well as those
arising from E2 decay, are negligible. Dropping these
terms, we 6nd,

2oriÃA, f»(0) (e-r/o e a/)
~
—l/2

g (x) e
—N, er z/o

0

where 1=x/h. &, the quantity oz is the total Eoo cross
section, and 8 is the E~'-E20 mass diEerence in units of
k/r~, r~ is the E'P mean life.

A similar matrix serves to propagate the amplitudes

where
I p I'+

I
ql'=1. The effects of a CP violation on

the regeneration studies are small and are considered
in the Appendix. For the present we assume CP in-
variance (p= q).

The differential equations can be solved in matrix
forTIl:

in vacuum:

Applying R(x) to a pure Eoo beam, we find the re-
generation amplitude from a single regenerator of
thickness l=x/A~ to be

EP(x)= 2sirVAqfoq(0) (e '/o e—'o')
e Nn—z x/2, K 0(Q)

kg

Thus, the regenerated intensity is

2orNAgfog(0) '
I(EP)=

(1+e '—2e "' cos5l)
(1)

2 1

The matrix method has great utility in the calculation
of the Ej' intensity from regenerators compounded of
many plates separated by air gaps. Ke will use this
method to compute the regeneration for a number of
situations in the course of this paper.

H. EXPERIMENTAL PROCEDURE

The experiment was performed at the Brookhaven
alternating-gradient synchrotron (AGS). Thirty-BeV
protons struck a 0.020-in. beryllium wire target to
produce the neutral E mesons (see Fig. 1).A beam was
dered at 30' to the incident proton direction by a
1.5)&1.5)&48-in. collimator placed at an average dis-
tance of 14.5 ft from the internal target. This 6rst
collimator was followed by an 18X36-in. bending
magnet of 512 kG in. that swept charged particles out
of the beam. Gamma rays were largely removed by
passing the beam through eight radiation lengths of
lead placed upstream from the de6ning collimator and
sweeping magnet. Three additional collimators along
the beam, subtending solid angles greater than the 6rst,
removed those particles scattered from the de6ning
collimator and those emanating from sources other
than the internal target.

The material in which coherent regeneration was
studied was placed 58 ft from the target (300 E~' mean
decay lengths). Each pion from the decay E ~' —+ s++7r
passed through one of a pair of high-resolution magnet—
spark-chamber spectrometers. Each spectrometer was
built around an 18X36-in. bending magnet placed on
end so as to deflect particles in the vertical plane.
Spark chambers mounted 10 in. from the magnet yoke
displayed the entrance and exit paths of the particle.
Each of the chambers consisted of two banks of Gve
plates separated by a void of 12 in. , thus providing a
lever arm for the determination of the track angle.
These plates, formed by stretching 0.001-in. aluminum
foil on both sides of a ~~-in. aluminum frame, were
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Fxo. 2. Mass dis-
tribution for all
events vrith costII~
p0.999 and —12 (g
&—4 in. The peak
has a mean mass of
498.4 Me V and a
standard deviation
of 6.3 MeV.
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selected as those events whose masses lie in the interval
483—513 MeV and which decay within 5 in. (two Erb

mean decay lengths) of the regenerator.
The angular distribution of events from a 3-in. thick

copper regenerator is shown in Fig. 3. The forward peak
contains the transmission regenerated EP's, the forward
diGraction regenerated E&"s and a small E2' back-
ground. The angular width of the peak is 7 mrad. This
value agrees well with that found from a consideration
of multiple scattering and measurement error, indi-
cating that these E&' mesons are consistent with pro-
duction, precisely in the forward direction.

For small 8~, the diGraction regeneration is Gaussian
and may be written in the form

values of cos8)r between 1 and 0.975 (13 deg) and decay
at points along the full length of the region seen by the
spectrometers, an extent of 100 in. To ascertain which
of these events are coherently regenerated EP mesons,
it is necessary to study the angular distribution of
events whose mass m& and decay position x are re-
stricted to physically significant regions. A distribution
of m~ for all events from solid regeneration material
with cosa)r) 0.999 and —12(x(—4 in. (x= —9 in. is
the position of the anticounter) is shown in Pig. 2. The
peak is characterized by a mean mass of 498.4 MeV
and a standard deviation of 6.3 MeV. A more precise
analysis of a fraction of this data yields a mean mass
of 498.10+0.52 MeV, in good accord with the accepted
value of 497.8&0.6 MeV. ' Possible E~' decays are
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angular response of the apparatus. Monte Carlo cal-
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FIG. 3. Typical angular distribution of events regenerated in
»n. of copper. The events are restricted to the range 483(mz
&5&3 MeV and —12&x&—4 in.

W. H. Barkas and A. H. Rosenfeld, University of California
Radiation Laboratory Report UCRL-8030-Rev. , 1963 (unpub-
lished).

culations demonstrated that the detection eKciency
varies exponentially with cos8z, and hence the observed
diGraction distribution is exponential. This background
was subtracted from the forward regeneration peak
by means of a maximum-likelihood fit to the data in
the angular region 0.9968&cos8~&0.9998. The small
E2' background is also exponential in cos8~ with a
slope comparable to that of the difI'raction regeneration.

IV. RESULTS

A. Comyarison of Full- and Half-Density
Regeneration

Equation (1) indicates that the transmission re-
generation depends on the square of the density of
scattering centers in the regenerator. Reducing the
density of a material by one-half should diminish the
EP intensity by a factor of 4. This behavior was tested
by comparing regeneration from 3 in. of copper (the
X regenerator) with that from a 3-in. block of "half-
dense" copper (S/2) consisting of a stack of twelve sb-in.
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copper plates with ~-in. air gaps between plates. This
absorber behaves as an ideal half-density regenerator
only in the limit that the granularity ($ in. ) is negligible
compared to the mass-difference wavelength Aq/b. This
wavelength is 4~~ in. for a mass difference of 0.5, so the
granularity correction is small. In the matrix notation,
the EP regeneration from the X/2 absorber is

(
~{j~

l:R(I-o)~(Lo)j"
1

(2)

where Lo is the individual plate thickness. The ratio
of the ideal intensity as given by (1) with X replaced
by s'X to the true intensity (2) is presented as a func-
tion of mass diIII'erence in Fig. 4. For b(Z, this ratio
is seen to be very insensitive to the mass difference and
equal to 0.97. The ratio S„h of full- to half-density
coherent regeneration is 4(0.97)=3.88.

If the forward regeneration were incoherent it would
depend linearly on the density and 5 .would be about
2 (a detailed calculation yields S;„=1.95).

The X and E/2 angular distributions are presented in
Fig. 5. The solid curves represent the maximum-likeli-
hood 6ts to the diffraction regeneration. Multiple
scattering of the regenerated E&"s in the Ã absorber
broadens the diffraction distribution, resulting in a
value of b' larger than that of the E/2 data. Normalizing
the data to the E2' decays introduces an attenuation
term into the ratio 5:

Se»t,=I&/I~/2l~pte~ ~r ~~ z =I~/Immi~~, eN~&z~~

where o~ is the diffraction cross section. Kith a value
for sr~ of 320 mb, we 6nd 5 pt,

=4.05&0.48. This result
is in excellent agreement with 5 h=3.88 and is 4
standard deviations from the incoherent value
S~„=1.95. A 20% change in en alters S,»& by 0.14.
Normalizing the data to the neutron monitor gives
S ~&

——4.18&0.49 using a total cross section 0~ of 1090
mb.

B. Measurement of the Mass Difference

A large source of error in measurements of the mass
difference by regeneration is the poor knowledge of the
nuclear scattering parameters. %'e have made a meas-
urement that is, to a high degree, devoid of any de-
pendence on these quantities.

The regenerator used consisted of two pieces of solid
copper separated by an air gap of variable width. The
variation of the Ejo intensity with gap width depends
strongly on the magnitude of the mass difference. The
forward regeneration amplitude need not be known
since we are interested only in the relative regeneration
rate. Further, since the total amount of material in
the beam is 6xed, the relative intensity is independent
of the total cross section o-p.

Qualitatively, the behavior of the Ere amplitude i's

best illustrated by the vector diagram in Fig. 6. The
vector a~(qh) represents the regeneration amplitude
from the upstream regenerator, while a~ is the 6xed
amplitude from the downstream piece. The total E~'
amplitude is the vector sum of the two partial ampli-
tudes. As the gap width increases, a~ rotates about a2
and decreases in length. The total amplitude oscillates,
reaching its 6rst minimum when a~(p) is antiparallel
to a2. The initial angle @0 is a function of the two plate
thicknesses and is an odd function of the mass difference.
By choosing the thicknesses properly, po and the initial
amplitudes a~(po) and am may be chosen to produce a
null at p=x.

Quantitatively, the ICP amplitude may be written

Ag(G) = R(I2)V(G)R(Lg)
0~

1)

where Lj and L2 are the thicknesses of the two re-
generator pieces. Performing the operation indicated
in (3), the amplitude becomes

A ~(G) = a~e'&'ea'e eI'+aqe'»,
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FIG. 6. Vector diagram illustrating
behavior of E10 amplitude as the gap
vridth is varied.

where a~ and a2 are real and, together with g~ and p2,
absorb all constant factors not depending on the gap
width g= G/A&. The Pro intensity is then

(6)=
I sr(G) I'= ape g+a2+2a, arne rt cos(kg+$0).

The 6rst term is the intensity from the upstream ab-
sorber, attenuated by E& decays across the gap. The
second term is the constant intensity from the sta-
tionary downstream piece. The last term represents
the interference between the two amplitudes and intro-
duces oscillations into the otherwise exponential be-
havior as the gap is varied. The period. of the oscil-
lations is governed by the mass difference.

At the time of the experiment a mass difference of
1.5 to 2.0 was anticipated. By choosing L&——2 in. and
L2——1 in. , the amplitudes c~ and a2 and the starting
phase @0 were such as to produce a minimum in the
intensity for gaps of 2—3 in. The sensitivity of the shape
of curves of EP intensity versus gap width to 5 is
demonstrated in Fig. 7.

Data were taken at seven gap widths from 0 to 3 in.
and at 7 in. The data, normalized to EP decays, are
presented in Fig. 8. Each point but the 6rst represents
100—200 coherently regenerated E~'s. The zero-gap
point; which includes all of the data for solid 3-in.
copper, includes 470 E& 's. A least-squares analysis was
performed to find the best values of 5. The absolute
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FIG. 7. Theoretical distributions of E& intensity versus gap
vridth for various mass differences.

normalization is considered unknown and chosen to
minimize I' for each value of 5. The best fit to the data
is achieved for 5=0.47 0» ".The X.' curve inset in
Fig. 8 demonstrates the sensitivity of our data to 8. A
better choice of L» and L2 would render the method more
sensitive to small mass differences.

The data normalized to the neutron monitor yield
5=0.52~0.10.Both values of 5 are equally valid results,
but are not statistically independent. Averaging the
two measurements appropriately gives a 6nal result of
8=0.50&0.10.

C. Solid-Copper Data

Additional information regarding the mass difference
and validity of the regeneration theory is afforded by
data taken with single solid-copper regenerators placed
in the beam. The thickness of the copper was varied
from 0.5 to 7.0 in. These data were analyzed in two
quite different ways.

(f) Coherent Regeneration

The first method used was a direct measurement of
the coherent regeneration as a function of absorber
thickness. This method is the same as that used by
Fujii, Jovanovich, Turkot, and Zorn. ' The expected
relationship is that of (1).Since the material in the beam
is no longer of constant thickness, an absorption cor-
rection must be made. Little experimental information
is available on the total E cross section 0~, and an
optical-model calculation, similar to that done by R. H.
Good eI, cl.,~ was performed to estimate it. The Eo and
E' scattering amplitudes are calculated independently
and combined to yield the regeneration amplitude
f~r(8) and the scattering amplitude f22(8). The nuclear
density function is taken to be the Fermi distribution
with a nuclear radius of 1.15 A'I' F and a falloff parame-
ter of 0.57 F. The calculation depends on the E-nucleon
forward-scattering amplitudes. The imaginary parts of
these amplitudes may be determined by the total
It-nucleon cross sections at 1.1 BeV/e. The cross
sections used were~": o (E+n) = 18.0 mb, o (E+p) = 16.0
mb, o (E n) =37.0 mb, and o (K-p) =44.5 mb. The E'
potential was assumed to be completely absorptive and

9 V. Cook, D. Keefe, L.T. Kerth, P. G. Murphy, W. A. Wenzel,
and T. F. Zipf, Phys. Rev. 129, 2743 (1963}.' 0.Chamberlain, K. M. Crowe, D. Keefe, L T.Kerth, A. Lem-
onick, Tin Maung, and T. F. Zipf. Phys. Rev. 125, 1696 (1962}.

11 V'. Cook, D. Keefe, L.T.Kerth, P. G. Murphy, W. A,.+enzel,
and T. F. Zipf, Phys. Rev. Letters 7, 182 (1961}.
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the ratio aa /ar of the real to imaginary forward-
scattering amplitudes was zero. The corresponding
ratio for the positive strangeness Eo interaction was
varied from 0 to 1. An estimate of this ratio may be
made from data of Cook et al 'on X+p s. cattering. They
6nd the real forward amplitude to be quite constant
from 920 to 1970 MeV/c and equal to 0.2&0.1 F in the
center-of-mass system, or 0.28+0.14 F in the labora-
tory. The imaginary part is 0.7&0.3 F since the total
E+p cross section is 16.0&0.6 mb. Assuming the E+rs
behavior to be the same, we 6nd an+/ar+=0. 44&0.20.

Table I presents the results of the calculation for
copper. The total cross section is found to be 1090 mb,
in essential agreement with the recent measurement of
Fujii et al.~ of 985&105 mb.

The regeneration data, normalized to the neutron
monitor, is shown in Fig. 9. As with the gap data, a
least squares analysis was done to 6nd the best mass
difference, considering the over-all normalization un-

known. %'e find 8=0.69+0.20, statistically compatible
with the gap measurement. The mass difference varies
from 0.60 to 0.71 when Op is changed. from 1075 to
1160 mb (0(aa+/ar+(1). An analysis of the same
data normalized to the E2 decays involves the dif-
fraction cross section 0~. Using 0~=320 mb, we And
8= 0.76&0.20. Varying 0D from 305 to 385 mb changes
5 from 0.69 to 0.78.

IO

9
COI-

8
$0.0

(Z) 14lio Analysis

A second method of treating the data, due to M. L
Good, ' involves the ratio E of coherent regeneration to
di8raction regeneration per unit solid angle in the for-

a,+la,+ If„(O) ls lf„(O) ls

0.0
03
0.44
0.5
1.0

1.59
1.64
1.71
1.75
2.19

22.9
23.4
23.9
24.2
27.9

0.307
0.317
0.324
0.329
0.384

1.077
1.084
1.093
1.098
1.157

Tzsxz I. Optical-model calculations for copper. The forward-
scattering cross section is

~ frs(0) ~s and the forward regeneration
cross section is

~ f»(0) ~
. Ail cross sections are given in barns.
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FiG. 9. Measured
EL intensity versus
regenerator thick-
ness J. The data is
normalized to the
neutron monitor
using a total cross
section o ~= 1100
mb. The dashed
curve {5=0.69) rep-
resents the best fit to
the data.

LL T. Fujii, J. V. Jovanovich, F. Turkot, G. T. Zorn, and M.
Deutsch, Proceedings of the Twelfth Anna/ International Con-
ference on gigh-Energy Physics, Duktu, &64 {Atomizdat, Moscow,
1965),
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ward direction:

4HXA, (1+e '—2e "' cosbl)
(4)

40-

An apparent virtue of this procedure is that R in-
volves no nuclear scattering parameters such as

~ f2~(0) ~

' or or and is independent of the incident limo

Aux, so no relative normalization of the data is neces-
sary. But, for practical regenerator thicknesses, scat-
tering of the coherent EI' wave and multiple scattering
of the incoherent waves aGect the diffraction regen-
eration noticeably. Data taken with thicknesses that
provide a reasonable sensitivity to the mass di6erence
also require large corrections. These multiple eGects,
discussed at length by R. H. Good et al. ,' depend on the
nuclear parameters and thus complicate the simple
expression (4). The ratio of the true diffraction to that
obtained by ignoring multiple eGects is plotted as a
function of absorber thickness in Fig. 10.The scattering
amplitudes and cross sections were supplied by the
optical-model calculation. This ratio is as small as 0.62
for 3 in. of copper and rises again as the thickness is
further increased.

The amount of forward diffraction regeneration is
determined by the background extrapolated to the
cos8~=1 axis. The E20 background included is not
negligible and must be removed. The size of the back-
ground was determined from data taken with no
regenerator in the beam. The E2o background removal
alters the 7-in. point by 29% and increases its error
from 36 to 46%. The final data are shown in
Fig. 11. A least-squares analysis of the data yields
5=0.41 0.~0~25. In this method the normalization is
fixed and only the mass difference is varied to mini-
mize X'. Varying a~+/uz+ from 0.0 to 1.0 changes 8
from 0.44 to 0.33. It is apparent from Fig. 11 that the
measured value of the mass difterence depends greatly

50-
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FIG. 11.Experimental ratio of coherent regeneration to forward-
diffraction regeneration plotted as a function of regenerator
thickness I.. The dashed curve for 6=0.43 is the best X' fit.

on the 7-in. point. Had 8 been nearer 1.5, the data at
smaller thicknesses would have played a more sig-
nificant role. On the other hand, added support for
the regeneration mechanism comes from the excellent
agreement of the 0.5-, 1.0-, and 1.5-in. points with the
predicted values of R. By expanding R to second order
in l, it can be shown that R is independent of 5, pro-
vided l«1)b= 2. However, the multiple scattering
correction is not negligible, as seen in Fig. 10. Hence,
the agreement supports both the coherent-regeneration
mechanism and the multiple-scattering theory, re-
gardless of the precise value of the mass difference.

D. Forward Regeneration Cross Sections
and the K20 Flux

FIG. 10. Multiple-
scattering correction
to forward-diffrac-
tion regeneration.
The ratio of the true
value to that neg-
lecting multiple scat-
tering is plotted as a
function of regen-
erator thickness J.
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To complete the analysis of the regeneration mechan-
ism the absolute EI' regeneration rate was calculated.
All analyses of the data to this point have either been
independent of the absolute normalization or this
normalization has been considered unknown and varied
to Gt the data. Since the forward cross section

~
f2~(0)

~

"-

is not known, the absolute regeneration rate was studied
by calculating

~ fm&(0) ~' from data taken with various
materials and comparing the results with optical-model
predictions.

The E2O Aux was determined from data on three-body
E20 decays with no regenerator and no anticoincidence
counter present. A total of 5035 leptonic E2O decays
were detected. ? The three-pion decays produced a well-
defined peak in the two-body mass distribution one
pion mass below the E~' mass and have been removed.
The detection efficiency of the apparatus for E,3 and
E„3 decays was determined by a Monte Carlo calcu-
lation. The efBciencies, when coupled with the Ine@sgzcd
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TABLE II. Forward regeneration cross sections for carbon, iron,
copper, and Hevimet. All cross sections are in barns. The mass
difference used is 0.5.

Material cry

Carbon 0.273
Iron 0.970
Copper 1.080
Hev»met 2.430

If li0&) I'o ar~
ex+/el+=0. 0 0.44 1 0

0.17 0.19 0.25
1.34 1.45 1.88
1.59 1.71 2.19
4.73 4.96 5.85

Ifst(o) I ezyt

0.14~0.04
1.10~0.28
1.06~0.27
3.74~0.94

~ 3 *0.5
8.&.o

t

l
I

I

I
I

Al 4
O

Ol 3

0
0

I

50 i 00
A

I

I50 200

F»0. 12. Forward regeneration cross section as a function of
regenerator atomic weight A. The curves represent optical-model
calculations; the dashed curve is preferred.

~ D. LQers, I.S.Mitra, W. J.Willis, and S.S.Yamamoto, Phys.
Rev. 133, 31276 {1964)."A. Schvrarzchild and C. Zupan65, Phys. Rev, le, 854 (1963).

E,~ and K„3 branching ratios, "yie1d a corrected total
of 2.32)(10 E2 decays over a 2.5-m decay path in a
momentum interval from 600 to 1800 MeV/s. The total
E20 beam Qux at the position normally occupied by the
regenerator is 2.92X109 (a E2 lifetime of 5.3X10 8 sec
was used" ). The E2' flux, extrapolated back to the
point of production by correcting for decay along the
18.6-m path length and for absorption in the lead
y-ray filter, is 3.2X 10' E's"s/(10"p-(BeV/c)-sr) at 1
BeV/c. Surveys have been made of the Qux of charged
E mesons at 30' at the AGS. '4 Assuming the E and
Eo rates are the same as the E+ and E rates at high
energies, we obtain from this data a 1Cq' flux of 2.1X10'/
(10"p-(BeV/c)-sr). This number agrees, within the
statistical accuracy, with our result.

The total number of E»' mesons regenerated in a
particular run was calculated from the observed number
of E»' decays, utiliring the measured detection eS-
ciency. Values of

I f»(0)I' obtained in this manner
from data on 3.5 in. of carbon, 1 in. of iron, 3 in. of
copper and 2.125 in. of Hevirnet are presented in Table
II. The prime sources of error are the estimate of the
true EP Qux and the statistics of the E»' decays. Total
cross sections were obtained from the optical-model
calculation. A mass difference of 0.5 was used. These

forward cross sections are compared to optical-model
calculations in Fig. 12. The good agreement of the data
with the predicted values indicates that the expression
for coherent regeneration is correct and the regeneration
rates may be accounted for by conventional scattering
amplitudes.

The calculation was also done for a mass difference
of 3.0. The iron cross section is insensitive to 8 since
the regenerator was thin while the copper cross section
changes by a factor of 4. The monotonic rise of

I f»(0) I'
with A is destroyed by the assumption of large mass
di6erences.

E. Coherent Regeneration in Hydrogen

Ke have placed a liquid-hydrogen target in the Em'

beam to measure the coherent regeneration in hydrogen.
The target, 6 in. in diameter and 4 ft in length, was
placed with its center at the intersection of the two
spectrometers. The walls parallel to the beam direction
were 0.07 gm/cm' thick. A 1.25-in. -diam. collimator
replaced the normal 1.5)&1.5-in. beam-deaning col-
limator so that all of the beam passed through the
target and did not strike the walls.

To compare the regeneration in hydrogen to that in
heavy materials, a 2-in. -thick tungsten regenerator was
placed at 6ve positions along the 4-ft length of the
target volume. The response of the apparatus, as
determined from Monte Carlo calculations, varies
su6iciently smoothly over the length of the target that
the sum of events obtained from the 6ve regenerator
positions can be considered as if they came from a con-
tinuous distribution over the target. Thus the total
detection efhciency E for the tungsten data is the same
as for the hydrogen data, to a good approximation.

Since the hydrogen target length I.H is much greater
than the E» mean decay length and much less than the
absorption length, the equilibrium yield may be written

&I2s&H~rf» (o)e«l' LH
FH= X

kP (5'+&)

The symbol f»H(0), « is used to denote that the meas-
ured quantity is the coherent sum of the regenerated
two-pion decays and the direct two-pion decays of the
E&.~ All quantities are to be taken as appropriate
averages over the momentum spectrum of the E2~ beam
which was centered at 1.0 BeV/c, but extended from
0.7 to 1.4 BeV/c. Inserting all the appropriate numerical
factors, we Gnd for the relative tungsten and hydrogen
amplitudes,

I f»n(0) e«l'/I f»"(o) I'= o 14I'H/I'w.

The results of the hydrogen run are presented in Fig.
13. The sharp forward peak indicating the two-pion
decays is clearly evident. These events were measured
with high precision to give maximum resolution. The
mass and angular resolution are somewhat poorer than
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FIG. 13. Angular distribution of hydrogen events in the
mass range 488&m~&508 MeV.

and ~ is the amplitude for the direct decay of the E20
to two pions. Experiment gives

I
e

I

= (2.3&0.4) )&10-'.'
The transient eGects at the entrance to the target are
negligible. Using our results for hydrogen, we find
Ia.gg I

= (3.9+0.7)X1M.
An unknown phase between e and e requires that we

write
I~.«l'= I~I'+ I~I'+2I~II~I cos4 .

Thus a lies in the interval 1.6&0.8&n& 7.2&0.8 which
implies (0.35+0.18) F(f»H(0) & (1.6&0.2) F.

These limits are to be compared with the value of
(0.50&0.06) F measured by Leipuner et al." directly
from the process ICp+p +E~'+p. LNote th—at all
values of f~P(0) are given in the laboratory system. )

"L. 3. Leipuner, W. Chinowsky, R. Crittenden, R. Adair,
B. Musgrave, and F. T. Shively, Phys. Rev. 132, 2284 (1963).

those obtained from the direct EP decays because of
the multiple scattering encountered in the hydrogen.
The background under the peak is again evaluated by
extrapolation of the angular distribution to zero angle.
Subtracting the background gives 48+10 events for
1213 monitor counts.

The total number of events found with the tungsten
regenerator was 144&13 for a total of 507 monitor
counts. Normalizing the two yields one finds the ratio

I f» (0).«I'-/I f»"(o) I'= (2 0~0 5) && 10 '.
Using the experimental result for the tungsten

amplitude (Table II), we find

I f2+(0)gffI (0.85&0.15) F.
The total two-pion decay-intensity-per-unit-length along
the target is given by

(+ )'/~ =—
I

«I'/~
where

2rriVA&f» (0) 2s'.V&if2P(0)eff
Q= O'ef f

k, (S+ i/2) k, (h+i/2)

Because of the interference between the direct two-

pion decays it is difBcult to measure the hydrogen
regeneration amplitude precisely. "The range of values
between the two limits is consistent with reasonable
amplitudes. We see no evidence for anomalous re-
generation of E&"s in hydrogen as reported by Leipuner
et al." To agree with the experimental results of
Leipuner ef al. we would need 20 times the number
of two-pion decays.

V. CONCLUSIONS

All data from the experiment find explanation in,
and are entirely consistent with, conventional re-
generation theory. A comparison between Ml- and
half-dense regenerators has demonstrated, independent
of the magnitude of the mass diGerence, that the
transmission regeneration is coherent. The mass diGer-
ence is found to be 0.50&0.10 (in units of h/r~) using
two absorbers separated by an air gap. The X' proba-
bility for the 6t to 5=0.5 is 92%. We emphasize that
this measurement does not involve any nuclear scat-
tering parameters or corrections to the data. Regen-
eration of E~"s in absorbers of various thicknesses
yielded values of the mass diGerence in agreement with
the more precise gap measurement, when analyzed in two
independent ways. The fact that three quite diGerent
approaches to the measurement of the mass diGerence
from E& regeneration gives essentially the same result
implies a good understanding of the mechanism
involved. All data strongly reject mass diGerences
greater than 1.0. The regeneration is seen to arise from
conventional scattering amplitudes and does not depend
on any other intrinsic physical properties of the
regenerator.
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APPENDIX: EFFECT OF A CP VIOLATION ON
THE MASS-DIFFERENCE MEASUREMENT

With CP violation implied by the observation of the
two-pion decay of the E20, it is of interest to calculate
its eGect on the measurement of the mass diGerence.

~6 We have spoken as if the two-pion decay of the E2o was
coherent with the two-pion decay of the regenerated X&0. This
in no way implies, however, that this experiment demonstrates
an interference between the two decays.
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Provided the CI'T theorem is valid, the states of
dehnite mass and lifetime may be written

K o= PEo+qEo
Eio= PK' qE—', (5)

where lpl'+lql'=1. " The regeneration of K,"s is
independent of p and q.' This is easily seen by con-
sidering the scattering of a E~~ in a nuclear medium.
The scattered wave function is

O'„=Pf+E' qfM—o,

where f+ and f are the usual scattering amplitudes.
From (5) we see that E'= (E.'+Eio)//2P and
E'= (K,'—Ki')/2q. Hence 4'„becomes

q'-= pf+(K*'+«')/2p qf (K—*' «-')/2—q

=k(f+ f )E—so+-o(f++f )Eio=-forK'+ folio,
as usual. The regeneration calculations are thus un-
affected but the E, and Kio are now given by (5).
Since the apparent violation is very small, we write

K,o= KP+ oKoo,

Eio= oEP+Koo,

where E&~ and E20 are pure eigenstates of CI' and e is
the CE-violating amplitude.

At a distance x downstream from a regenerator, the
E,' and E~' amplitudes are

A, (z) =A (0)(EP+oKoo)e'o'~e ~I»'

A i(x) =A i(0) ( Ko'+Koo)e'""

where the EP lifetime is considered in6nite.

The two-pion amplitude is proportional to the total
Ej component:

Ao (z) =A, (0) ' ee»i»'+oA&(0)e'»
—ei»a(A (0)e-elo»+ oA &(0)eille/ky)

Hence the two-pion intensity at x is

Io (z)=IA, (O)l'e +Imi(0)l'
+2 ReA, *(0)Ai(0)oe ~"e", (6)

where x is now in units of the E,o mean decay length.
The 6rst term is the normal regenerated intensity,
decaying with the E, lifetime. The second term, the
E&' —+ 2m intensity, is small compared with the erst
term. The last term represents the interference between
the two sources of two-pion decays and diminishes at
half the E,0 rate.

'7 T. D. Lee, R. Oehme, and C. ¹ Yang, Phys. Rev. 106, 340
(1957).
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FIG. 14. Mass diBerence as a function of the phase of the CP-
violating amplitude. The dashed line represents the value obtained
assuming CP invariance.

Equation (6), integrated over the 5-in. decay region
downstream from the regenerator, yields the total ob-
served two-pion intensity.

Letting o=
I o

I
e'&', where p, represents the sum of the

phases of o and fo~(0), and D =5 in. /Ar, the intensity is

I„(z)A,dz

=~&IA (0) lo(1—e n)+
I ol'IAi(0) I'~&D

+(A~F|/(9+o'))[e n" (8 sinSD —o' cos8D)+~)

(It JFo/(b'+—'))$5 en"-(fi cos—bD+-', sin8D)], (7)

where

F,= 2 I.I {c~.Re[A.'(0)A, (0))
—sing. Im[A, *(0)Ai(0))),

Fo=2lel {»nP.Re[A.*(0)Ai(0))
+co~. Im[A, '(0)A, (0))) .

The magnitude of o is (2.3&0.4))&10 ', but the phase
&jhow is ullkIlown.

The gap data normalized to the E& decays was re-
analyzed using (7) to compute the two-pion intensity.
A least-squares 6t to the data was performed to And
the best values of 5 for a given phase qb, . The results
are presented in Fig. 24. The mass difference is seen to
vary from 0.42 to 0.53, a variation comparable to the
uncertainty in the earlier determination of the mass
difference that neglected the effects of a CI' violation
(o=0). The average mass difference with /0 ois seen
to be the same as that measured with e=o. The data
yield no information as to a preferred phase p, .


