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The absolute value and the phase of the regeneration 
amplitude K1 -K5 on carbon have been measured. In the mo­
mentum range 16-40 GeV/c the phase is constant within the 
limits of experimental errors and coincides with the re­
generation phase on hydrogen. Both the absolute value and 
the phase of the regeneration amplitude on carbon are in 
agreement with optical model calculations. 
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The investigation of the energy dependence of the ne~tral 

kaon regeneration on different materials' has been proposed in 

196'i l 1 ' 21 ~ Since tl;le phenomenon of regeneration is' due to the 

fact that K0 and X0 interact with matter i'n a different w-~3, 4/, 

the investigation of the t~ansmission regeneratiori on hydrogen 

and deuterium can give an important information on the e~~~gy 

dependenc'e of the K0 p and K0 n scattering' amplitudes' ~d,·i in p~ 

ticular, it enables o'ne to'.'check 'the validity of the Pomeranchuk 

theorem'/51. On the other hand, studying the transmission and 

diffraction regeneration on ~omplex nuclei one can estimate the 
. 1 //!0/ 

electromagnetic size of neutral kaons. 

A' part. of this exper'imental program has been completed at 

the 70 GeV/c Ser'Pukh~v accelerator' during '1970-19'72 in a series 

of measUrements cit the' rege~~ration ~n- h;ru::o~en /G·, 71, deuterium 
. ;'• I 

and carbon in the momentum range of 14 - 50 GeV/c. Here we r~port 

the preli111ina..-y r7sults .o~ ,the measure~ents of the K~ ~ ~ regene­

rati~ri in the 1 m carbon rege_?erator. 

The measurements have been performed with the help of an 

on-line spectrometer /B{ detecting· ar+ !{. ~·decays or:' incident 'Ki~ 
and regenerated ~.;..mesons~ .The intensity'of the.£+£"" decays·of 

KL-and Ks-mesons b_ehin~ ·a bl.~ck of matter placed in the K~ .beam is 

described by a very well:..~own formUla .z 

· t~_-f./tt's . .: ~ -·~··l:.f'F.t., 
I<p,~)~,~(p,t)[l~p>l e .:···+l~+~f ~-- · .. 

'• .- ·-'< • ' 

-:-: ~ .... ~~ ... _: 

.i.C1),, 
t •: 

' 

- -f:Jl. [lfts+4/r,J . ~l 
+ 2.1~+-II.YCP)I-e a..&{Atrri..,.9

1
(p)-tP+-)J, 

f:, 
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where t is the decay time determined in the kaon rest frame from 

the, down13,~r~am :'dg51_.of the. reg;eneratc;>r ( ~ =. mK~/pc,~mk and.,p are 

the kaon .. mass. and momentum, respectively}~. .. . . .. _ 

~ (p).,= -~~- (p)J ~i. ¢ LC~? -~:is: t~ coe~n:ien~ o~ the t~~Saission 
regeneration; " . "· . ·~ . , ·.~. . . , 

, ~ ~- =., j1r +- k- cV ~ is t~e rati~ ~~- ~~e ~ecay ~pl~t~~es 
A (KL ~ ,'Tf+JT -:") ~ A (~ 7 :Tt+1f";") .. _; 

6 ~-,= (mL.-:- ms)h. . ; mL , l!ls• 'r L. and; 't S are the mass d.iffe -:-

r~n~e~ m<~.ss.es,a~d me~n.lifetimes c_>f long:- ~d sho~.,.livedkaons 

and. t (p, t) is. the detec:tion effi?iency, determined. by the. Mont.e-

Car).o "\'-ethQd," 
'",) .\,: 

The regeneration coefficient can be· expressed: as· a. pro'duct ' 

of three terms : number of nuclei- per. unit of the. volume N,, diffe-
,, .. ,, ;· ' . ' ) j • • ' . . ~ ' • • • • ' ••• ' • ' . -· . : . ' 

re~~e of .K~N a~p. r'N,,forw!l.~ scatteri~g.,amplitud,es .. f~1 . =;._. 

1/2 [f
0
(p) ;_· i'?(p) J (regeneratioo amplitude ) . and a. termrelated 

to ~he regei:JC!rator length. t: ' -. ; ''.t ... 

~(p )• ir N c ; ( 1\ p) _ J'( J \ {:- e >P! •AM c /,,J I :...jpc j 
rn t P.'J · (' . ., ). . . . ,,(2) 

k - ~At ... ---
. A "t'> ,_.$ 

For a.very thio regenerator'the phase•of regeneration·coeffic:ieot 

coincides with-that--of regeneration 'amplitude· : > · · · . ., 

·. t;o c·r)~= 4;; ;( r' ~, a:r~ ~ere r.) ~.P c;) r _· . 
····(3) 

In general, 

J. (', i ~A- ( 1 + ar- ~ - ~ ;;;rtiA....:_:~) e~~/~cl=J-:~_1(·; )+th' ~{ ~- . 7. 
'i'i· r · r~f r.~ :1 ·- , '- fi... _ ~ , 't' •t F ra., r. < 4 ) · 

.l"rs 
: .:.:"> 
\ ... ' t.t ~ ·! \ : 

:=.o. 'c'~}'til- ,'-~-' ~: .,.. 
". t.\·"" 

l· • ~~ ;~i ~~ -~ f ; ~ :. ~ ;_ -~,--. 
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_ The experimental setup was the same· as in our previous 

experiments I,.G, 7/ (Fig~ 1). The magnetic· spectrometer IBI con -

sista·of multiwire spark chamber& with magnetostrictive readout. 

The triggering signal is provided by scintillation counter logics 

(X, FI, FII, GI, GII, XL'· Ia)• A shower. detector and an iron·' 

range telescope serve to separate pions .. from the electrons and 
• '· 0 

muons produced in the semi-leptonic decay modes of KL •. 

The chargedparticle pairs of the decaying K..;mesons.wer~· 

recorded in the 9 m decay zone and the crossing geometry behind 

the analys~ng magnet was requi!ed,Our result is based on. ~pproxi~ 

mately 2 :i. 105 triggers. Afte; the geometrical reconstrti'ction/9/we . 

were ·left with 90385 events. 

Several standard cuts were iotroduced to enrich the two-

pion decay cootent of the oample relative -to the ;three-:,bod.y de-:­

cays and the neutron ioduced interactioos io the decay volume • 
"' . ·"" . 

The most important cuts the eveots have undergooe were : 

\~~it- 111 · J ~ 30 M~~ic2 ~d-~~ 6 x 10~6 -~ad2:where m is 
., TV ;,,,. , ... ,.7f7r · _ ... 

the invariant mass of the charged particle pair under the assump-
~ t "' • 

tion that they are both pions and 9 is the angle between the vee-.... ',..' ' . 

tor sum of the momenta of the two decay particles and the known 
0 I • . • • ' -~' • . ~ ·: :. . . , • • ·_; ' . •" -' \ ~ .._ 

KL direction, This procedure reduce~ our.sample to 11969 ~vents. 
h • :.. • - • - •• • • '• -~ • '·. ' : , • ; ' • •• , • ·'I • ~ ' ' ~· •·. 

Afte;r s~ud.ying,._in 4etail .the x - y prof,tles llt .d!ffere~t 

z planes as well as ?thel';' dis~ributioJlS.,. of physicaL importance 

and compru:-ing t~em.with the cor;r-espoi?d~ngMonte-carlo d:i{3t:r;i,bu~ 

tiona, fiducial cuts were applied to . the decay vertex and . .:.to the 

charged particle trajectories in the wire chambers, magnet gap 

and trigger counters. At the same time the electron or muon 

-s. 



signatures were also determined for the true K
1

u
3 

_and Ke
3 

events. 

Al·l events surviving the fiducial cuts and a more restricted • 

mass criterion (485 MeV/c2 .$ mr ~- 510 MeV/c2) w_j,th __ appropriate 
1

u 

or e flags were recorded on a final DST. 

The mnn di~tribution of the retained 4311' events with the 

double pion signature is shown in _Fig. 2. The large pe_ak centered 

at the kaon mass comes from the K0
- 1T + cr-decays seen over a small 

and appr,oxima~ely constant -background from unidentified decays 

or interactions~. The e2 angular_ distribution for the same events 

(Fig. 3) exhibits a sharp transmission regeneration peak_in_compa­

rison·w.ith tha~ of "vacuum" regenerat{on. It is remarkable that 

the background e2 distributions in these two cases are. very simi- .. 

lar and can be approximated with a linear expression~ 

Although the transmission regeneration is the overwhelmingly 

dominating K
0

...., Jr + 1T - decay source, the diffracti~n regeneration 

can also be observed. In Fig. 4 the invariant mass distribution 

is shown with and without a carbon regenerator for the angular . . 
range of 0.8-6 ~ad2 where the transmission regener'\tion practi- · 

cally does not contribute. The enhancement in the region of the 

kaon mass clearly shows the diffraction regeneration on carbon. 

The remaining background under the transmission regeneration 

peak for the events from the DST divided into proper time and mo­

mentum bins of 0.5 x 10-10 sec and 4 GeV/c width,c;rrespiindlngly, 

has been determined by a linear extrapolation of the angu-lar 
.. 2 . . '" .' 

distribution in the angular variable G fitted to an expression 

of the form': 

s·· 

·A;. 

• 

Net I p) 

g~ 
1 . _ __,.__ 
1 .D~(p) . .. ' ' ""'-_ ·e ,.,~ +A;! ) ·D(- ) · 2-e.~p) . · I. I p + .P p e (~) 

Here·the first·term represents-the transmission regeneration peak 

broadened to a finite 9
0 

(p) due to the finite angular resolu ~­

tion of .the detector,and the 'remaining terms ·represent the back- ' 

ground contamination. · 

Th~ further an~lysi; ha~ been pe~formed as follows. Let us 

denote by qi the probabili~y of the i-th event to be observed with 

certain-.values of t 1 , g1·, m1f'ii i 'and pi~ 'rhe probaoHity qi de­

pends on 'these quant'ities as well as on' q, = q, -r:. ·...; <P if and ·r = 

1 ~ (p)/'7 +- 1 through_eq~~ (1) a:nd <_4>. , 
In_ ·ord~r to ·deduce r and o/ , the goal 'of 'this experi~ent, 

we applied the' maximum likelihood method ,: where we u~ed. 'th~ 

.product of the probabilities qi as 'a likelih?od function~ In other 
' ' I ' ~ ' 

word_s, instead of dividing our sample of N ev'ents into proper time 

and 6f bins ~e were looking for the· maximum of N . 
L =·<'"If qi 

. i. = 1 
~~-~-~ 

aa a function _of r (p) and <P (p). Although this latter 'method 

is more difficult to· apply, the. assignment. of each, ,ev~nt witH its'. 

own probal>ilit;y, of .. observat_ion uses the maximum information 
• • ·- . ~·' • f ·- •• • • • -. ~ ··- • "" • • 

avallable •. Therefore this.method.is expected· to·r~sult in. less 

s_t;;ttistical erro_r!3. ,than,_ the. classical one_ wllere the- events ·are . ~ 

grouped in finite intervals. Moreover, by means.cof this method, 

we, ~eft!. al?le. to_.de:J;~Ye. ~ ,~o~entum7indepen~ent · ph:se·, :.Cp~·, without 

an;y use of the kaon momentum spectrum. 

7 



We have performed the number of fita with a various set of 

parameters assumin'g that rj is constant (j = 1, •• ~-; 6) 'in th~ 
j-th momentum bin at ~P = 4 GeVIc in size. The results are summa­

rized in Table I. The fits for two and_ three momentum bins show 

that a constant_phase ·assumption is a reasonable one in accor­

dance with the -optical model calculation.that predicts only a 

slight variation of the phase in tho momentum range :of -16-40 GeV/c; 

In these fits we used '"t" s =. 0~8958 :x: 1o-10sec 1101 ·and Am = 0.542H 
lE, 1010 se~-1 1111.· 

We .have also performed the fit assuming t.hat .the phase is 

independent of momentum for the region of 16-40 GeVIc. In this 

case we had a? parameter fit ( <P and rj, j. = 1, ~.;·, 6 ). In 

Fig. 5 the. corresponding likelihood contours can be seen at va­

lues.e:x:p '(-1l2 n
2
).• 11na:x: (~= o, .1' ;·.;)as a. function of K4> B.Dd. 

Mr• the ,likelihood func~ion being take:a at <P' = $fit + K.p Sipfit 

and r = rfit + M •&rfit ;· 
'· i .. i. r · i · 

The final results are given in Table .II with l!t-/= 0.00232 

that is the value of rei'~ 1121 ,corrected for 't" s of ref·; 1101 

used by us. The common·phase is expressed by a ~m and ~s depen­

.dent ,form as. follows .:. 

¢. = <j:> +- - ~ 11' (16 ~ p ~ 40 GeV/c) = 8?•6° :t 16.2° + 128°-~ 
A m -· o. 542 • ··10 10 sec - 1 

0;542 • 1010 sec-1 . . . 

5).~o .. ·'t"a- o.895a ;·1o-::-10 &e·e:· ···· 
-10. . • 

0.8958 • .10 . ·sec-: · 

Note that in·· our fitting'procedure ~ is independent of the chosen' 

value of ·Jt +-/ ; Taking'· the central valus of cP and the known 

value of</>'.;_= 43~tY"t,/,, we obtain for this' region the' phase of 

8 

I' 
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I' 

,· 
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~ 

~· 
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~ 

the carbon·regeneration amplitude arg (f0 (p) l'0 (p))=- ~29'!!16° 

In Fig. 6 2 • I f 21 \ lk = jf - l' I /k is shown together with 

the results of earlier measurements for ~- and K±~mesons ll7-l9/ 

and t.he optical ·model calculations.· 

We have determined the same parameters. also by ·means' of .. the clas­

sical method with the kaon momentum spectrum obtained in our pre­

vio~s experi~~nt IG '?I.·' The tWo m~thod; are in re~sonable agr~ement. 
The optical model calculations used as input data the total 

cross sectio~s <:r t(~p), O'"i(~n), <ri (?p), <1,f (1~0n) and the phases 

of the corresponding forward elastic scattering amplitudes. These 

input data were taken from ref.llJ/,where they were calculated asthe 

best fit to the existing experimental results in Regge-parametriza­

tion taking into account the cuts and assuming the Pomeranchukmo--del to be valid. In our calculations we used for carbon the same 

distribution of the nucleon density in nuclei for protons and neut­

rons. Two density distributions were used : the Saxon-V/oods formula 

with the parameters determined from the photoproduction.of~0-me­

sons on nuclei /~Y/ and the Fermi distribution with two paramet~rs 
taken from electron scattering experiments. Both the .distributions 

gave similar results. 

The main conclusions drawn !'rom the results presented here are· 

the following 

1. The phase of the carbon regeneration amplitude is indepen­

dent of energy for the·energy range in question and is equal to 

M'}(rlp)-f(rj)::-12~±16"'. This value within ezpericental errors coin­

cides with the phase of the hydrogen reEeneration amplitude I" 1 ":f I. 

'9. 



2. 'rhe measured phase and the modulus of the carbon regenera­

tion amplitude are in e;ood agreement with the optical model predic-

tions. 

3. The .o~tical model conJition of the consistency of the hy~­

e;en and carbon re~eneration measurement put forward by Goldberg and 

Telegdi 115/ has been chec~;d. Although in our case the con~i~tence 
is fulfilled, we are planning a more decisive test on this subject 

with improved statistics. 

..--,. ~ 
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