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BRANCHING RATIOS IN K+ MESON DECAY 

Poh-shien Young 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 15, 1965 

ABSTRACT 

A f h b t . . K+ comprehensive study o t e ranching ra ~os ~n · meson decay 

has been carried out by reviewing previous work and performing a new 

6 + experiment. For this research a beam of 10 K mesons was brought to 
I 

rest in a volume of 14 cc within a large stack of nuclear research 
I 

emul\sion at the Lawrence Radiation Laboratory, Berkeley. The stack 

was designed so that the secondaries of the longest range could be 

followed to rest if the directions of their emission lie within certain 

+ cones. Some 700 K decays for which each secondary was emitted in the 

selected cones were chosen as the sample for the experiment. The 

principal method for identifying the secondaries was following the 

track to rest, thus avoiding many sources of systematic error. Ionization 

measurements were used to resolve ambiguities. The overall efficiency 

for finding events was found to be higher than 95% and the relative 

efficiencies for the various modes were evaluated. 

llie corrected branching ratios for the K~2' K~3' K~, ~, ~' ' 
and 

Ke3 were found to be 61.8 ± 2.9, 5.4 ± 0.9, 19·3 ± 1.6, 6.0 ± 0.4, 

2.3 ± 0.6, and 5·3 ± 0.9 respectively. 
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Chapter I Introduction 

. + 
The branching ratios among different decay modes of K meson have 

been measured several times in the past dozen years by different research 

groups either using the xenon bubble chamber1 ' 2 or nuclear emulsion3-6 . 

Discrepancies have been noticed not only between the emulsion data and 

the bubble chamber data, but also among the data obtained from similar 

detectors under different experimental conditions. The discrepancy 

between the K~2/Kn2 ratio obtained by means of the bubble .chamber 
1

'
2 

and some of the early emulsion measurements3' 4 has appeared so consis-

tently that it has been considered evidence of a "shadow universe"7. 

We have carried out our measurement of the branching ratios with 

nuclear research emulsion and improved techniques. Track following 

was employed on a scale never before undertaken. The stack size was 
I 

the greatest ever used for this purpose. Better blob density calibration 

was made, and more uniform development was achieved than in previous 

experiments. In addition, several new methods for the reduction of 

bias and for calculating scanning efficiencies were introduced. 

The detailed description of the experiment will be presented in 

the subsequent two chapters.. It is appropriate to review here some of 

the previous experiments. 

+ The various decay modes of K meson were considered to be different 

8 species by earlier researchers who employed cosmic radiation as a source · 

of heavy mesons and Wilson chambers or emulsion plates as detectors. 

+ Only in 1955 with the advent of the intense K beams artificially pro-

duced in the Bevatron 3 ,9 was the mass of these "different" mesons 

found to be the same. In addition to this, the mean lifetimes of the 



all0-12 
mesons were found to be e~u 

-2-

'+ The identity of a K meson having 

various decay modes was thus established. This naturally led, in 

principle, to the conclusion that the branching ratios between the 

various decay modes must remain constant apart from statistical fluctu-

ations, irrespective of the detection methods. Generally speaking, all 

branching ratio experiments have shown an agreement on the order of the 

fre~uencies of the major modes. However, the magnitude of individual 

branching ratios varied from one experiment to another. This variation 

could be attributed to the choice of a particular sample.size and to 

the. method .of identifying secondaries. In reviewing previous work, 

these two factors should be considered of prime importance. 

Our review will start with the two experiments performed separately 

in Berkeley by the Birge Group3 and Alexander et al. 4 since they have 

been referred1 ' 2 ' 7 to as the most precise emulsion data for the K+ 
i 

branching.ratios. A study of Birge's experiment indicates that their 

sample size was moderate because only 149 K~ and 77 K~2 were found for 

the major modes. Furthermore, different batches of samples were used 

to find different decay modes and the overall efficiency for detecting 

+ a K secondary was 85%. Track following, the most direct method, was 

employed in identifying 97 events .while blob counting at the K+ decay 

point was used to determine 185 events. Blob counting is advantageous 

because it is far less time consuming than track following. However, 

this advantage is outweighed by statistical and systematic errors. 

First of all, ,the. observed blob density distributions of K~ and Kll
3 

overlap the K~2 distribution3'9. This causes ambiguities when one 

tries to distinguish between events for which the measured blob 

densities of the secondaries lies within the overlapping regions. 

" lr 

' 

... 

1/' 



·,; 

-3-

Secondzyi the statistical error involved in blob counting generally 

makes it difficult to define a precise residual range (or energy ) by 

blob density alone [see Fig. A-2]. Thirdly, the blob density may vary 

with pellicle depths, with pellicles, or with both. The results of 

such variations could be serious in Birge's experiment even with a 

careful calibration because of the fact that the different batches of 

their stack were processed at different times and in some cases were 

made up from different manufacturer's batches of emulsion. 

'In Alexander's 'experiment 4, both the stack and the sample. size 
' .. 

were larger, but the identification method was based almost entirely 

on blob counts and scattering measurements. In their method, which 

is similar to the ionization measurement employed in our experiment 

[see Section 3, Chapter II], the blob density Band the scattering 

angle (in terms of pf3c) were measured on two selected segments of a 

track. The resultant six parameters B1 , B2, p1f31c, p2f32c, ~, and 

6(pf3c) were used to identify the track. Since more information can be 

deduced from the combined measurements than blob counting arone, this 

method r~duces ambiguities in some cases. ·However, there remain the 

statistical and systematic errors which make this method still far less 

clear cut than the track following. The scan~ing efficiencies in 

Alexander 1 s experiment were found to 'be about the same as in Birge 1 s 

experiment: ~100% for ~ and 85% for lightly ionizing tracks. 

The next two experiments to be reviewed were performed ~n Berkeley 

1 2 by Roe et al. and Shaklee et al. by use of the 30 em diameter xenon 

bubble chamber. Since faster scanning can be performed w1 th bubble 

chamber pictures than with emulsion plates, these two groups were able 

·to select larger samples (which accordingly reduced the statistical 



-4-

fluctuations on their branching ratios): + 6300 K mesons for Roe and 

10,500 for Shaklee. In Roe's experiment1 , two characteristics of a 

xenon bubble chamber were utilized to separate the various K+ decay 

modes. These characteristics are the high efficiency for conversion 

of gamma rays from 1f.0 into electron pairs'and the ease of recognition 

of electrons. Consequently K~2 can be separated from the other modes 

+ in the chamber simply by looking at the K decay point because each 

K~·event has a singly charged non-electron secondary and no electron 

- pairs. However, this very advantage introduces ambiguities between 

K~3 , 't' 1 ~ and K1f.2 . These ambiguities would be removed if track following 

were applicable. Nevertheless, this was not possible since the 24 em 

+ range of the 1f. from K1f.2 is too great for it to be followed through 
ol­

in a chamber of 15-cm radius. In addition, the ~secondary from a 1f.; 

decay at rest has a range of only 1.3 mm and hence cannot be reliably 

identified. [In standard emulsion, the characteristic ~ range is 600~ 

which can be easily recognized under a microscope] • Under such con-· 

ditions,:Roe et al. used a kinematic test to separate K1f.2 from other 

modes. ;'Because of measurement errors and multiple scattering of the 
' : . 2 . 

secondary it was found that a true two-gamma K did not have a 100% 
1f.2 

probability of passing the test while some of the K~3 , Ke
3

' and 't' 1 events 

passed the test. The average scann~ng efficiencies in Roe's experiment 

were (85 ± 2)% for electron pairs and. {:89 ± 2.5)% for electron recog-

nition. 

According to Shaklee et a1., 2 one of the motivations
2 

for their 

experim~z;tt was the fact that some of the previous experimental values 

ofithe branching ratios were 'in disagreement by an amount significantly 

mote than the errors assigned. Their experiment was regarded as in-
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dependent of Roe's experiment because a different sample of film·and 

a significantly different method of analysis
2 

were employed. Their 

results support fairly well Roe's results with the exception of the 

Kn2/K~3 ratios2 . The disagreement was believed
2 

to be due to a 

systematic error in Roe's calculation of the probability that a K1t2 

would pass the K1t2 kinematical test. In Shaklee's analysis, the 

kinematical test was also used but witb.bias corrections based on the 

Monte Carlo Calculations. The probability for K1t2 , K~3 , Ke
3 

or ~~ to 

pass the test (given that precisely two gammas convert in the chamber) 

was calculated by simulating measured decay modes through the Monte 

Carlo method. Their calculations led to a lower rate for K 
3 

and a 
. ~ 

higher rate for K1(2 [See Table 3-5, Chapter III]. Our experimental 

ratios of K 
3 

and K 2 agree better with Roe's observation. than Shaklee's. 
~ 1( . 

We are thus inclined to believe that the loss of some true K1t2 events 

due to their failure in passing the kinematic test may have been com-

pensated for by some K~3 , Ke
3 

or ~' events which passed the test. As 

Shaklee's experiment was done in the same xenon chamber with similar 

scanning procedures, there is no need to repeat our comments made in 

the preceding section. However, two points should be mentioned: a. 

The probability of a ~~ being mistaken for Ke
3 

was 

(This introduced the so-called Ke
3 

- ~' ambiguity.) 

found to be (7 

b. 

± 2)%. 

branching r~tio was not measured directly but evaluated by subtracting 
' f 

from unity .'the sum of the ratios measured for the other decay modes. 

(Because o~ the propagation and a'ccumulation of errors involved in 

measuring·individual decay, the indirect evaluation o{ a major mode 

like K~ ~leaves large room for error.) 

Based on the review of the previous experiments, the current 
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measurement of the K+ branching ratios has been so designed as·to 

satisfy two purposes: large sample size and cl_~ar-eut track identifi-

cation. As described in Section 3,; Chapter II, a large stack and three 

appropriate cones have been chosen in order to make it possible, in 

principle, to follow through the charged secondaries of all decay modes 

to their endings. The volume of cones constitu~es 19% of the whole 

stack volume [See Table 2-1]. 
.. + 

Thus no more than 19% of the.K decays 

contained in the scan volume were selected as the sample under this 

criterion. The reduction of the scan volume was compensated for by 
. + 

using an intense K beam. By virtue of refinements made on the bevatron 

during the period between 1956 and 1963, the proton beam intensity was 

increased a hundredfold. We thus obtained about 4000 K+ decays within 

a syan volume of - 0.13 cm3 in a 30-hou; exposure period. Out of the 

4000 K+ decays some 700 were selected according to the cone criterion. 
I + . 

Although a much larger scan volume (and thus a larger sample of K . decays) 

could have been extracted from the stack, we limited our sample to 700 

because of the availability of scanner time. 

Although track following was chosen as the principle method of 

identification, not all secondaries could be followed to their endings, 

irrespective of the stack design and the selection of cones. In addition, 

track following also has systematic errors although their effects are 

not as grea~ as those associated with indirect methods.· Therefore, 
i 
{ 

special anailyses were devised to correct for these errors, and range-· 

ionization:measurements were in~roduced as a supplementary method. to 

identify tracks. The best available energy spectra of', Kll
3 

and 't'' have 

been employed in the resolution of the K events and the calculation of 
ll 

relative !efficiencies [See Chapters II and III, and Appendix II]. In 

.. 

' lj 
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order to check the effect on our results of uncertainties in these 

spectra, several varied spectra have been 'generated and the effect has 

.been found to be negligible. 

Generally speaking, the results of the current experiment agree 

better with bubble chamber data than with early emulsion measurements. 

We may, therefore, conclude that no basic discrepancy should exist in 

the branching ratios regardless whether bubble chamber or emulsion is 

used to perform an experiment. 

The whole experiment with analysis is presented in two subseg_uent 

. chapters. In Chapter II, experimental procedures, such as the scanning 

of the events, and the identi.fication of secondaries, are described. 

Also included in the chapter are the treatments· for the difficult events 

and;the determination of the overall efficiency for the experiment. At 

the·beginning of Chapter III, the observed branching ratios are cal-
' 

culated. Scanning bias and possible errors in track following are. then 

discussed. This leads to the determination of the corrected branching 

ratios. The results are compared with the data cited and with some 

theoretical predictions. 

Detailed calculations and reference curves are included in the 

four appendices. These materials are not only essential to the 

analysis carried out in the text but also useful for future reference. 
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Chapter II Experimental Procedure 

The experiment consists of four major parts: 1) Exposure of the 

D-stack, 2) Scanning forK-mesons, 3) Identification of decay modes, 

4) Determination of scanning efficiency. These steps are described in 

some detail in the subse~uent four sections. 

Section 1 Exposure and Processing of the D-stack 

The D-stack contains 250 Ilford K-5 emulsion pellicles, each 600~ 

thick and 9" x 14" in area. The size of the stack Wa.s chosen so that a 

beam of K+ mesons with a momentum of 130 MeV/c would come to rest and 

± 
decay in the middle of the stack, and so that all the secondaries ~ , 

~+ore+ within certain cones could be followed from K+ decay point to 

termination. 

+ 1 The exposure of the stack to the K meson beam took place in May 

1963, at the Bevatron of the Lawrence Radiation Laboratory in Berkeley. 

·~ 

Shown in Figs. 2-1 and 2-2 are a photograph of the D-stack and a diagram 

of the exposure arrangement, respectively. Fig. 2-2 is a schematic 

diagram in which the relative positions, but not the sizes, of the 

.+ 
various components are shown. The stack was placed so that the K beam 

was perpendicular to the surface of the pellicles and entered from the 

top of the stack ( i • e • Plate No • D-250) • The exposure area was about 
6 

5·3 em x 2.5 em, and approximately 10 K+ mesons were admitted during 

·an exposure period of 30 hours . 

Immediately after exposure, the pellicles were separated and 

underwent the standard processes of grid printing, developing, and 

fixing. The grid printing provided the x-y coordinates of incident 

particles. The majority of the K+ decays were found to have occlirred 

'i 

.V· 
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ZN -4969 

Fig. 2-1 The D- Stack 

•. 
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P =Proton beam (6.25 BeV) from 
the bevatron 

T = Co:pper Target Ml; Bending Magnet l 

1ss = Static Mass Selector 
Q = Magnetic Quadrupole · 
M2= Bending Magnet 2 

S = Slit 
SC = Scintillation Counter 
Cu. = Co:pper Modulator (12 em) 
D = D-Stack (15 em thick) 

Fig. 2-2 Schematic Diagram of Exposure Setup 
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in 20 plates, i.e. in plates D-126 ta D-145 inclusive. Therefore we may 

estimate that the 106 incoming K+ mesons stopped in an appropriately 

located volume of 14 cm3. 

Section 2 Scanning Techni~ue 

Great care has been exercised in the scanning work since it is 

extremely important in any branching ratio experiment. Before starting 

the scanning, two aspects were carefully considered: i) Choice of a 

suitable sample size, ii) Possibility of following various secondaries 

to rest. 

Each scanner was given written instructions which were carefully 

prepared and contained all necessary details as to how to find the K+ 

mesons and how to record the events. As the first step in scanning, 

every stopping track which entered the emulsion from the upper hemisphere 

was 1recorded during the first area scan even if, at that time, there 

was no secondary found associated with it. Any event whose primary 

+ looked like a possible K but with no secondary found in the first scan 

was labeled No-Visible-Secondary or "N.v.s." evehts (to be discussed in 

detail in Section 4 of this chapter). Such events have been searched 

repeatedly for secondaries by different scanners, some of them having 

undergone up to seven rescans. 

Since secondaries of the decay modes K~, K~3 , and K~2 may not 

stop in the stack unless they are emitted into certain cones, three 

cones have been specified for the selection of events. These speci-

fications are listed in Table 2-1 and secondary ranges are listed in 

Table 2-2. 



-12-

Table 2-l Specification of Cones 

* Cones c!> tan 5. Purposes 
(Goniometer) (Dip) 

--

l 
All secondaries 

-- . 

of KI-L2 , KI-L3, K1l2 
A -24.5° 0 -0.361 <tan 5 ~ 0.290 < c!> ~ 19.5 

I 
can be ·followed - -
to rest -·-r -
Secondaries of 

A' -41.5° ~ c!> ~ 31.5° I -0.614 < tan 5 ~ 0.474 Krc2 can be fol--
lowed to rest 

B 148.5° < c!> ~ 221.5° I 
- I 

j___ 

* Projected angles seen in microscope 

Table 2-2 
. . + 

Ranges of Secondaries of Non-rare Decay Modes of K 

.-
F~~;k · 

Decay Modes Q T or T R orR (em) 
·,;~:-- '· 
t.--i 
;'<: max max ~./ 

(MeV) (K.E. in MeV) (Range in standard enrul,sion) 

' 
KJ.J,2 388.1 152.5 21 

134.1 
f 

18 KI-L3 253.1 

Krc2 219.2 108.6 12 

'r 75.0 48.1 3·5 

-r' 84.2 53.2 4 

358.3 * Ke3 227.9 12 

* Electron range is 
' ' 13 

poorly defined on individual basis because of 

radiative energy loss. 

•. 

11 
w 

~· 
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Cone A was defined so that all secondaries lying within thi"s 

cone could be followed up to 23 em which is greater than the range of the 

secondary of K 2 and thus greater than the secondary range of any decay 
1-1 . 

mode. In order to supplement Cone A, Cone A' and Cone B were added 

shortly.after scanning had startedo Any secondary lying within Cone A' 

or Cone B could be followed at least up to 14 em which is greater than 

the range of the secondary of K~. Although K 2 and K 
3 

secondaries . 
1-1 . 1-1 

lying within Cone A' will sometimes not stop in the stack, the division 

of events between these two classes can be accomplished sufficiently 

well on the basis of the known Kl-1
3 

matrix element and the observed number 

of Kl-1
3 

events with shorter secondary ranges. 

It is evident that K+ tracks which stop near the top or bottom of 

the,pellicle may not have secondaries that are observable if the 

secondary is directed towards the nearby surface. Thus, another ._ 
I t 

criterion for a selected event was that the incident K+ particles mus~,~· 

stop within the middle two-thirds of the pellicle depth. 

There were two types of record used for the scanning: scanner's 

notes and keysort cards. The scanner's notes were, recorded directly 

on grid reproduction sheets (see Fig. 2-3). By specific notations, 

+ all the visible. information about every K meson found in the area was 

recorded. The information which was recorded is as follows: the grid 
. + 

~ocation of each possib~e stopping K , depth of the track ending (i.e. 

whether within, or not within, the middle two-thirds of the pellicle 

depth), th~ number of secondaries seen (Le. whether a 1-prong, 3-prong 

or 0 prong event), a visual estimate of secondary ionization (i~e. 

whether near minimum or above minimum), and the goniometer angle for 
I . . 

each 1-prong event. If a keysort card was made for the event, this i 
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Fig. 2-3 Grid Reproduction Sheet 
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also was indicated on the grid reproduction sheet. For every event 

that satisfied certain criteria, the scanners were instructed to make 

a keysort card in order to provide a permanent record of the event. 

These criteria were: 

+ K decay vertex must lie within middle two-thirds of the 

pellicle depth. 

2. Secondary must lie within Cone A' or Cone B. 

+ 
Th~ first criterion was req_uired for all stopping K mesons with one or 

three prongs foun~ at the decay point, while the second was req_uired only 

for events with one near-minimum secondary. A sketch of the event was 

made and the goniometer and dip angles of the secondaries were recorded 

on the keysort card. 

Section 3 Identification ofK+ Decay Modes 
. + 

The ionizing secondaries from all decay modes of the K meson can 

be only.pions, muons or electrons. The most direct way to differentiate 

between these in emulsion is· to follow the tracks to their endings and 

.observe terminal behavior. In standard emulsion a 1..1. particle from pion 

decay at rest has a characteristic range of about 600 microns before it 

comes to rest and decays into an electron.and neutrinos. It is possible 

for pos~ trans to disappear through annihilat_ion in flight; otherwise·, 

their paths at very low energy appear characteristically tortuous. 
:: 

Furthermore, we know that the ranges of ~he K~ and KI..L2 charged secon­

daries are unique (21 em for 1..1. and 12 cmifor rc) because these are two-

body decays. Since the range of the 1..1. from KI..L
3 

decay can vary from 

0 to 1S. .em, the separation of 'KI-L
3 

and KI..L2 should present no difficulties 

if all secondaries could be followed to rest. An analogous statement 
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+ is applicable to the K~2 and ~· modes since the maximum range of the ~ 

from ~' decay is 4 em. The ~ decay mode yields 3 above-minimum prongs 

and cannot be confused with any other common mode. From the above 

analysis, we may conclude that the branching ratios of the non-rare 

. + . . 
decay modes of K could be easily determined if all charged secondaries 

could b'e followed to their endings. However, in practice, for one 

reason or another, not all secondaries could be followed to their 

endings'in spite of the proper design of the D-stack and the appropriate. 

choices of the cones. Hence ionization measurements and special 

analyses were also used as necessary to aid in identifying decay modes. 

An.account of our process of identification using various methods is 

given below. 

At the first stage over 300 of the one-prong events were followed 

either to their endings or as far as possible. All Cone A events were 

so treated. The remainder of the one-prong events were followed only 

up to 12 em. From th~ range considerations (see Table 2-2) we know 

that any event with a secondary range greater than 12. em could only be 

either KJ.l2 or Kll
3

• The 3l4,events belonging to this category were 

labeled l2-cm events. 

(e) • 

These are treated under K events in Subsection 
ll 

. ;· Whe~ 1 the first track following was don~, we found that approximately 

90 events had secondaries wh+ch could not be followed for 12 em or to 

their endings. These secondaries were either lost or went out of the 

stack in less than 12 em due to changes in their original path directions ~ 

by scattering, or seemed to disappear in flight (D.I.F.), or produced 
I > 

stars in flight (s.I.F.). The s.I.F. events, D.I.F. events, lost or 

out of s
1

tack events 1 and Ke
3 

events are treated in Subsections (a) 1 
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(b), (c) and (d), respectively. Also given in subsection (a) is a 

brief discussion of the use of ionization measurements. 

(a) S.I.F. Events: This category contained 40 events of which 

17 had stars at D > 5 em. (D =the distance from K decay point to any 

particular point on the secondary.) 
. + 

Among all secondaries. of K decay, 

n is the only particle which is strongly interacting and capable of 

producing a star in flight. Therefore this category can contain only 

+ Furthermore as the maximum range of a ~ from ~~ 

decay is 4 em, only 23 S.I.F. events can be candidates for both Kn2 and 

~~. To resolve these events, we first made use of the ionization method 

' ' 
which is based on two definite relations: one of these relates blob 

density (in blobs/100~) to ionization (in MeV-gm/cm2 ) and the other 

relates ionization to residual range. By combining these two relations, 

one 'is able to obtain a calibration curve in which the blob d~nsity of 

a track in a particular medium can be expressed as a functiOn of 

residual range. In Appendix I the procedure for obtaining the calibration 

curve for ~ and n in the D-stack is elaborated. To illustrate the use 

of the curve, let us suppose that a star in flight is observed at 2·~00 

+ em from the K decay point and that we want to know whether the secondary 

is a n from Kn2 or from ~ 1 • Blobs are counted for at least 10 fields 

of view (eq_uivalent to 1000~) to get blob densities at the K+ decay 

point and at the star, say 19.1 ± 0~7 blobs/100~ and 21.5 ± 1.3 

blobs/100~, respectively. Assuming that the secondary has its maximum 

k,inetic energy if it· is from ~ 1 
, then we can get the following infor-

mation from Fig. A-3 and Table 2-2: 
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Blob Density ·(blobs/100!-L) 

Pa.rticles 
At D = o I At D = 2'.00 em 

n: from Kn:2 19.0 
I 

20.5 

' 30.2 
I 

I n from,, 

Comparing the above table with the measured blob densities, we see that , 

the secondary is a rt from Kn:2. In this way, all 23 S .I.F. events which 

had star at D < 5 were resolved. The resolution of all 40 s. I. F. events 

is tabulated below: 

Table 2-3 Resolution of S.I:F. Events 

No. of events Identity Method Remarks 

! 17 Krt2 Range Measurement Star at D> 5 em 

21 I 
Kn:2 Ionization Star at D< 5 em \ 

I 
I 

I 2 -r' Ionization Star at D< 5 em 
•. 

(b) D.I.F. Events: There were 11 events in this category as the 

result of the first track following. The primaries and secondaries of 

these 11 apparent D.I.F. events have been re-checked with great care 

by different scanners. As a result orily one of them remains in the 

D.I.F. category. The secondary of this one remaining D.I.F. event has 

been refollowed and its scattering behavior indicates it is probably an 

+ e • One of;the 11 events is not a K decay. For 7 events the secondaries 

were scatt~red in such directions that they were not seen during the 

first following. Ionization measurements and further•following showed 

that these are probably all K events: A careful examination of the 
1-L 

secondary, ending of one event showed that it was an S.~.F. rather than 

a D.I.F. The secondary of the last event was refollowed with the result i 
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that a.n error had been made during the original follow-through. This 

event was also an S.I.F. The· original D.I~F. events have been classified 

as follows: 

Table 2-4 Treatment of D.I.F. Events 

No. of Events Id:entity Method Remarks .... ------1 -·--------- ~- . --- -·- .. ·- -.~- . 

4 K (unambiguous) Range measurement To be treated in 
J.l and ionization Subsection (e) 

3 K (pro'!? able) 
J.l (Two were followed 

·to 12 em in the 
second following) 

.. 2 K1C2 Range measurement 
and ionization One Star at D = 

' 
! 5.68 em 

and the other at 

6.03~ I (All were included 
I in s.I.F.) 

I 
1 K (probable) Range measurement ---

e3 and ionization I I 

Not a K'"'" decay 
··-----···----

I 1 Recheck of the The primary was a J.l 
primary from a 1C-decay and 

I the secondary was 
I an e. 

,. 
• (c) Lost or out of Stack Events: 35 events-were included in this 

class. Although the lost events have been rechecked very carefully 

there remain some whope secondaries still cannot be followed 12 em or 

to their endings. Their identities have.been resolveu as tabulated 

below: 
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Table 2-5 Disposition of Lost or Out of Stack Events 

l ! No. Identity Method Remarks 

1 

I 
7 Kn2 (unambiguous) l Ionization, range, 

l
i j and observation 

1--~--1 ___ _,1 Kn2 (prob~ble~-----L-~-~--~-~~v~_o __ r ___ a,_t __ e_n_d_l------------l 

I 
20 I K (unambiguous) 1 Ionization and 

l 
~ I ran$~ 

j ___ 6_· ---+-K--~--(-pr_o_b_ab_le) I 
j 1 j Unresolved---------]------·----:· 

To be treated in 
~ub~tl)ot;ton (e) 

(d) K Events: There exist two possibilities by ~ich an event 
e3 

originally classified as Ke
3 

may not be a true Ke
3

: (i) the primary is 
. ' 

a ~ or {ii) an error made during the first track following led from 
+ .. 

the true seconda~y track to an e- track. In order to minimize the 

possibility of errors being made in the identification of these events, 

two steps have been carried out -- all primaries were followed back 

and all secondaries were independently refollowed. 

+ Although the exposure was arranged so that only the K component 

of the beam would stop in the stack, K decays occurred upbeam from the 

scan volume. In this case, the secondary would be. a~ or n (which in 

turn will decay into~). Therefore, we should not be surprised if some 

~.~ e events have been mistaken forK ~e events. For this reason, we 

had all the primaries of the 62 original K events rechecked. The re­
. e3. 

sult showed that 12,of these were ~ ~ e decays. 

The second possibility for error stems from the fact that in all 

+ non-rare K decay modes except K~2 and T, at least one of the secondaries 

is a n° which decays into either two photons, one photon and one Dalitz 

pair (with branching ratio 1/80), or two Dalitz pairs (with branching 

. 0 + 
In other words, ~ 30 n are produced per 100 K decays. 

'. 
\ 

• 
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This results in~ 60 photons per 100 K+ decays. Assuming that the 

average energy of the photons from ~0 decay is~ 100 MeV (67.5 MeV in 

~0 rest frame), we notice that the corresponding mean free path for 

pair production in emulsion by these photons is 5.09 cm14 This means 

that almost all photons from ~0 de.cay convert into electron pairs in 

the stack. 
+ . + 

Therefore, for every 100 K decays. in the stack, ~ 120 e-

tracks are produced. ± Almost all of these e tracks point generally 

back toward the scan volume which is very small compared with the 

whole stack. It is therefore estimated (details given in Appendix III) 

that, given a follow through · error, there exists a probability of 

about 36% that one will be led to an electron .· (or positron) track. 

This reasoning demonstrates the necessity of refollowing all secondaries 

I 

of the remaining Ke
3 

events. The accomplishment of this task revealed 

that. 14 of the original Ke
3 

events were, in fact, so Classified due t~::;i 
~~. 

errors in the first follow through. The disposition of all events 

originally classified asK 
3 

is shown in Table 2-6. . e 

Table 2-6 Resolution of Original Ke
3 

Events 

No. of Events Identity Method ,, Remarks 

36 Ke3 Following and refollow-
ing both primary and 

I ~~~ond~ry 

12 K Following and refollow- To be treated 
fl. ing both primary and in subsection 

secondary (e) (All were 
followed. to 12 
in the second 
following) 

em 

-~ 

2 I K~2 Range and followthrough One was included 
in S .I.F. (>5 em) 

' and the other in •, 
Lost Events. ' ... : 

12 I fJ.-?e j Following back primary I . -.1 
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(e) K Events: 
1-l 

From the discussion in the preceding subsections 

we have noticed that there are 359 K events of which 314 are 12-cm 
1-l 

events and 45 were labeled lost, out of stack, D.I.F. or Ke
3 

events. 

The secondary of each of these was identified as a iJ. from either a 

range measurement or a combined range and ionization measurement. We 

still, however, needed to determine how many of them belong to the KIJ.
3 

mode. This was accomplished by use of the energy spectrum of the K 
3 . 1-l 

+ and the number of KIJ.
3 

events in which the 1-l was observed to decay at 

rest. The spectrum can be evaluated by integrating the square of 

the known matrix element over the possible final states. Given in Fig. 

A-4, Appendix II, is a normalized spectrum of the K 
3

, dN/dT, as a 
1-l . 

function of the kinetic energy T. In emulsion research, the residual 

range, R, is subject to direct measurement. For this reason, we have" 

converted dN/dT to dN/dR by use of Fig. A-2 (See Appendix I). 
,f.~ 

The hi'S' 

togram of the range spectrum dN/dR = F(R) is plotted as a function 

of R in Fig. 2-4. We may now proceed to describe our method of 

computing the expected number of K 
3 

events whose secondaries were not 1-l . 

followed to rest. 

Consider a pure KIJ.
3 

sample of N events. Each'secondary is to be 

followed for a distance D( < R ) if it does not decay at rest before max 

that point. The expected number of decays at rest to be observed is 

then given by 

J
D . 

NIJ.3-d = N F(R)dR 
.o 

(2-1) 

R. 

where fa max F(R)dR = 1 and Rmax = maximum residual range of a KIJ.
3

. 

(See Table 2-2) 
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Now consider a slightly more complicated case where the N events 

are separated ins groups, each containing 6n. events (i = 1, 2 ... s). 
J.. 

Each secondary of one group is to be. followed up to a particular 

distance D. if it does not come to rest and decay before reaching that 
J.. 

point. Treat each group in the same manner as before but assume 

, different Di's. Then the number of events whose secondary decays can 

be seen is expected to be 

s fD. 
N = L: 6n. . J.. F(R)dR, 
~3-d i=l J.. 0 

(2-2) 

and in the special case 6ni = 1 for all i, we have 

I 

N . 
~3-d 

NfD. 
L: J.. F(R)dR 
i 0 

(2-3) 

Here~ the set of D.'s constitutes a hypothetical path length distribution. 
' J.. 

\Finally, consider the practical case with which we are faced. In : 
~~ ~ 

this case we have N = 465 events, which total includes 359 K events, \:2'· 
~ y 

and 1o6 K~3 and K~ events for which the secondary was observed to decaY 

at rest (35 K~3 and 71 K~2 ). We want to estimate how many of the K~ 

events belong to the K 
3 

mode. Before applying Eq: (2-2) to this case, 
. ~ 

we first have to determine the potential path distribution, 6n., for 
J.. 

this experiment. This can be done by considering the group of K and 
. ~ ' 

K~ events because almost. all of those events be~ong to the K~ mode. 

This argument is based on the theoretical range distribution of the 

K~3 mode a~d. the experimental results. The distribution in Fig. 2-4 

shows that 1only 10% of the whole K~3 spectrum can have residual range 

larger than 11 em, but 
! 
i 

in our case we see that 96% of the K events 
. ~ 

have been'fallowed for more than 11 em. Therefore the ~~ and K~ 

._ 
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events taken together furnish an empirical potential path distribution. 

Let this distribution be represented by the set 6mi •. We may conclude 

that 

(2-4) 

where· k =normalization factor, 

and 

where 

6m. = No. of secondaries followed for a distap~e between 
~ 

D. -. a /2 and D. + a /2 without being observed to 
~ ~ 

decay at rest. 

By definition, we have 

N = N~ + N~2-d + N~3-d' (2-5) 

L6mi = N - N~3-d' (2-6) 

N =No. of 
~ 

K events, 
~ 

N 
~2-d 

N 
~3-d 

=No. of K~2 for which· secondary was observed to decay at rest, 

= No. of K 
3 

for which secondary was observed to decay at rest. 
. ~ 

Notice that our experimental data give the following numbers 

N 465, 

1 N = 359, 
~ l 

N~2-d = 71, 
r 

(2-7) 

N = 35· j 
~3-d 

Inserting Eqs. (2-5) and (2-6) into ( 2-4), yields 

.6ni = : N 6m.' 
- ~3-d ~ 

(2-8) 

If N~3 is the total number of K~3 events in the sample, then 
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Nll
3

jN is the.probability that agiven event in the sample be a Kll3. 

By substituting E~. (2-8) into (2-2), we see that 

or 

N 
!l3-d 

= 
Nll3 ( N ) !_, f D. 

\ N-N!l3-d . bl .6mi 0 ~ F(R)dR, 
N 

f NJ:.. D. Nl-12-d D. =R .L f :t. F(R)dR+ L J :t. maxF(R)dR (2-9) 
. 1. 0 .. 1 0 
~= ~= 

for the case 6m. = 1. 
~ 

and~ 

From the experimental data, we obtain 

N 
...J;! D 
~ f i F(R)dR = 325 .7, 
. 1 0 
~= 

N .. 

(2-10) 

j@-d D.=R \ f ~ max F(R)dR = N = 71 L · 1-12-d J
R . 

(since maxF(R)dR = 1) (2-11) 
. 1 0. 
~= 

0 

If we substitute E~s. (2-7), (2-10), and (2-11) into (2-9) ·and solve 

the result for Nll
3 

we obtain 

N = ·37·9, ,. ll3 

or 

whence 

(2-12) 

Here N~3 represents the number of Kll
3 

for which the secondaries have not 

been followed to their Cl,eca~~N· .£~·~·· 
: · ·:' ·-~~· ~i.;:·~~;··:lv .. ~.,?)j.: .. :: ·-~·:.:.·· · ·. 

E~. (2-12) indicates tha.~·~.'tb:e. endings of about three Kll
3 

events 

. .. 

l . : 
: 

,. . ' 
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were not observed because the decay secondary traveled farther than 12 em, 

was lost or left stack. 

Section 4 Determination of Scanning Efficiency 

All track endings found during the original scan and classified 

as possible K1 s were searched for a secondary on at least two different 

occasions by the original scanner, provided no secondary was seen dur­

ing the first search. The events for which no visib~e secondaries 

were found in any of these searches were labeled No-Visible-Secondary 

(N.v.s.) events~ These have subsequently been investigated with great 

care in order to provide one of the two pieces of information upon 

which the evaluation of our scanning efficiency is based. The treat­

ment of the N.V.S. events is discussed in Subsection (a) below. In 

Subsection (b) we will discuss the efficiency re•scan program. This 

furhished the second basis for efficiency evaluation. 

(a) N.v.s. Events Program: Those N.V.S .. endings contained within 

the middle 2/3 of their respective pellicle depths were selected for 

further study and those N.V.S. endings not so contained were discarded 

at this stage. An extremely careful search for a secondary was made 

at each selected ending. If no secondary was found to be associated with 

an ending, then the primary was followed back to see if it belonged to 

the incoming K+ beam. Finally, each residual N.V.S. event whose 

primary did belong to the beam was subjected to yet another rigorous 

search for a secondary. 

The results of this program are listed below: 

1. 1070 N.V~S. events. were found to be contained in .the 

middle 2/3 of their respective pellicle depths, 
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2. Secondaries were ultimately observed for 382 out of 

the original 1070 N.V.S. events, 

3· The primaries of 684 of the original N.V.S. events 

do not belong to the K+ beam, 

4. There remain only four endings whose primary appears 

+ to belong to the incoming K beam but for which no 

secondary has yet been found. 

From this result we may conclude that secondaries have eventually 

+ . ( been seen for practically all of the genuine K endlngs in the middle 

2/3) which were recorded during the original scan. All events with 

secondaries in the cones found during the course of the N.V,S. event 

program have .been followed out and included in our sample. 

1 
(b) Efficiency Rescan Program: Some appropriately chosen parts 

of the original scan area have been rescanned independently by differe~t 

s~anners who were instructed to record (on grid reproduction sheets) 

every track ending coming from the upper hemisphere .and lying in the 

middle 2/3 of the pellicle depth. No special effort was made to see 

secondaries during the efficiency rescan. The results were compared 

with the original scans to determine which endings in the same area 

were found in common, in the original scan only, or in the efficiency 

rescan only. Those events with endings seen only in the efficiency 

rescan have been put through the N.V.S. event program but not included 

in the branching ratio sample because the rescan area covers only a 

portion of the area originally SGanned. The original scanning efficiency 

E is calculated in a conventional way. Let us assume that 
0 

t NT = "true" no. of events occurring in a scan area, 

N = number of events found from original scan in the area, 
0 

i: 

r· 
J: 
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Nr =number of.events found from rescan in the area, 

N = number of events found in common. 
c 

Then the original and rescan efficiencies are given by 

N 
0 

E =-- ' 1 0 NT 

N l 
r J E =--r NT 

(2-13) 

Since the original scan and rescan were done independently by 

different scanners, the probability for an event to be found in common 

is thus equal to 

I 

E E 
o r = 

NN o r 
N 2 

T 

(2-14) 

\ By definition of scanning efficiency, this quantity should be 

or 

N N o r 
N 2 

T 

N ·= T . 

N 
c 

= --, 
NT 

NN o r 
N 

c 

From Eqs. (2-13) and (2-15) we can easily calculate 

are tabulated in .Table 2-8. 

E • 
0 

(2-15) 

The results 
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Table 2-8 Results of Efficiency of Rescan 

Plate No. N N I N I Original Scan c 0 ~r , Efficiency ]-------
D-132 137 140 3 0.958 

D-134 229 237 I 23 0.979 
I 
I 

D-136 377 393 I 414 0.910 

I 
D-138 217 224 227 0.956 

D-140 268 282 279 0.960 

2 
The total area covered in the original scan was 338 mm and that 

2 covered in the efficiency rescan was 96 mm . ~though each individual 

plate efficiency was determined from a partial rescan area, we may 

assume that efficiency to be applicable to the entire plate because 

the .original scan for each plate was carried. out entirely by one 

particular scanner. Furthermore, the rescan area was distributed 

evenly over the entire original scan area. Therefore, by counting the 
I. 

+ ' 
K decays found in the middle 2/3 of each plate during the original 

scan, we are able to determine the overall efficiency E for this experi~ 

ment. In Table 2-9, we list all the relevant ~uantities. 

f' 
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-----------·---Table 2-9 Determination of Efficiency for the Experiment 

I 
,.,, __ r ·-~-·- - -r-----------. ----. N. 

J 
Plate No. 

I €. I N./€j 
1-Prong 3-Prong J l J 

I . 
D-132 348 I 19 0-958 383.1 l 
D-134 1248 l 72 0-979 1348.3 

D-136 1019 

I 
58 0.910 1183·5 

D-138 558 48 0.956 I 633·9 l 

D-140 641 47 0.960 716.7 

L:N =N + N = 3814 + 244 = 4058 j l total 3 total 

L:(N./e.) = 4266 
J J 

N 
J 

E = (N./e.) = 0.951 
J J 

Notations: N. . J 
+ = number of possible K decays found in 

the middle 2/3 of the depth in Plate No. j. 

E overall scanning efficiency for the experiment. 

N1 total = Total No. of 1-prong events found in the. 

middle 2/3. 

N
3 

total = Total No. of 3-prong events found in the 

middle 2/3· 

' 

I 

I 
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Chapter III Results 

This chapter contains two sections. In the first section we 

will calculate the observed branching ratios and estimate the "true" 

branching ratios with efficiency correction. In the second section 

we will make general remarks on this experiment and compare our results 

with those obtained by other groups. 

+ Section 1 Branching Ratios of the K Decays 

(a) Observed Branching Ratios: As mentioned in Section 2 of the 

previous chapter, the selection of each 1-prong event was based on the 

emission direction of the secondary. However, this selection rule 

cannot be applied directly to the ~ events since these are 3-prong 

events. By assuming that K+ decays isotropically, we can write down 

the~following equation: 

Nl cones 

Nl total 
= 

N3 _ cones 

N3 total ' 
(3-1) 

where N1 = No. of 1-prong events lying within the cones, cones 

and 

N1 total·= Total No. of 1-prong events fotind in the middle 2/3, 

N = No. of 3-prong events to be considered lying within 3 cones 

the cones (namely, No. of ~ events to be used in this 

branching ratio experiment), 

N
3 

total = Total No. of 3-prong events found in the middle 2/3· 

To solve Eq. (3-1), we list the experimental data concerning the 

1-prong events in Table 3-1. By combining the information listed in 

Tables 2-9 and 3-1, we are able to solve Eq. (3-1) for N
3 

(or N ) , cones ~ 

as 

·· ...... 

• I 

. ' 

I. 

' 

I" 
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N 681 · 
3 cones = 244 x 3814 = 43.6, (3-2) 

or 

(3-3) 

Table 3-1 One-prong Events within the Cones 

Event Type ' 

-
12-cm Posi- Ni 
Events tron (No. of Decay· Decay or s.r.F. Anni- Events) Mode at Lest 

D.I.F. hil-
Rest or at ion 

Out- (< 5 em) (> 5 em) 
:stack 

--

K!J2 71 356.1 427.1 

' 
Kl-l3 35 2.9 37 ·9 \ 

KJL2 85+3i: 8 19 19 134 

-r' 15 ' 2 17 
' 

* 36 Ke3 1 37 
; 

- ** + ltt Misc. 27 
'·' 

'·, 
' = 681 N = ENi l cones 

* Probably Ke
3 

(See Section (c), Appendix III] 
+ ** 1-prong events but not K decay, includ,ed in _N1 cones because the 

value of N1 listed in Table 2-8 refers to No. of 1-prong events 

found in the first area scan, of which some primaries may not be 

K+ after further iJavestigation. 

t Of shorter ranges than should be, to be investigated further. 

tt Unresdlved events. 
; ! 



-34-

\-lith the value of NT evaluated, we can calculate the observed 

branching ratios in K+ meson decay. These are listed in Table 3-2. 

Table 3-2 Observed Branching Ratios in K+ Decay 

Decay N. ri 
Mode (No. of~Events) .(Branch~ng Ratio) 

K~ 427.l 61.31% 

Kj..L3 .37·9 5.44% 

Kn2 134 ' 19.24% 

't" 43.6 .. 6.26%' 

't" I 1 l7 2'.44% ' l I . I I 
Ke3 37 5-31% I 

! I 

L: N. = 696.6 L: ri = lOO.Oct/o 
~ 

'. 

(b) Corrected Branching Ratios: Two items need to be considered 

in making corrections to the observed branching ratios listed in Table, 

3-2. The first one is related to the different efficiencies for finding 

examples of different K+ decay modes. (Le:t us call them "relative 

efficiencies".). The second one involves po.ssible errors in following: 

secondaries. It is convenient to deal with the second item first 

because the discussion requires only a short paragraph. 

In Appendix III, we have shown that the relative probability of a 

+ 
follow-t4rough error, if any, leading to an e- track as opposed to a 

j..l. or :1! track was about 36%. For this reason, we had all the original 

Ke
3 

event's refollowed independently. This demonstrated that fourteen 

of these events were not Ke
3

• [See Section 3, Chapter II.] The total 

number of possible errors ~n the first following is then estimated to 

be 14/0.36 = 39· In other wor~s,_ there could be possibly 25 events of 
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which the secondaries might have led to a wrong ~ or ~ track in the 

first systematic following. This number, compared with some 650 events 

of all decay modes except the Ke
3

' is so small that there is no need 

for a refollow of each K or K event. In other words, there is no 
~ ~ 

need for a correction in this respect for the measured branching ratios. 

+ The difference in the relative efficiencies for different K decay 

modes stems from the fact that each mode has a different energy spectrum 

which in turn leads to different spectra as functions of blob density. 

We estimate that a ~ track with kinetic energy less than 25 MeV (cor-

responding to ionization greater than 38.64 blobs/100~ in the D-stack) 

can probably not be missed. In other words, we assume any secondary 

with ionization e~ual to or larger than 38.64 blobs/100~ can be ob­

served with efficiency 100%. For any secondary with ionization lower 

than 38.64 blobs/100~ the efficiency will decrease with no definite 

relationship knoWn to us. As the simplest approximation, we assume 
' 'I 

that the relationship is linear i.e., the efficiency Ei can·be expressed 

as a linear function of blob density B. as follows: 
~ 

(3-4) 

where m is to be determined, B. refers to a particular blob density 
~ 

corresponding to Ei,,andB
25 

represents the blob density corresponding 

to a 25 MeV pion. The meaning of Ei is defined by the following 

e~uation: 

= N. '' ~ 
(3-5) 

where Ni = observed number of events belonging to the i-th decay mode 



and N.' =true number of events belonging to the i-th mode. 
J. 

Since the K~2 and K~2 secondaries have uni~ue energies, we can 

apply E~s. (3-4) and {3-5) directly to these 2 modes to obtain: [See 

Appendix I for the value of B~2 and B~2 J 

€~ = 

€~2 = 

and 

1 - m (B25 

N~2 
= N~2' €~2 

1 - m (B
25 

= N' 
~2 

- B ) 
~2 

= 1 - 21.44 m, 

t 

- B ) 
~2 

= 1 - 18.45 m, 

(3-7) 

(3-8) 

(3-9) 

The K 3, K 3 and ~' modes have continous spectra. Thus, for 
1..1. . e 

these modes we must define their mean efficiencies as follows: 

€~3 = 

N 
~3 

€~3 

\:: . 
e3 

N' 
e3 

dB+ 

B 

f max dN 

B , dB 
25 

dB, (3-10) 

(3-11) 

. (3-13) 

.. 

... 
' 
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B 

dB + 1 max . ~. dB, 

. B25 
( 3-14) 

= N'. 
. 'f I 1 (3-15) 

'dN 
where dB dB ,;,. number of events whose secondariE!ls have a blob density 

-lying:between Band B +dB at K+ decay point. 

As tpe efficiency for a 3-prong event was found 'to be approximately 

100%, a simpler equation can be writteh down for the T event: 

·N = N' 
'r 'r 

(3-16) 

By the definition of the overall scanning efficiency e for the 

experiment [See Table 2-8], we may relate E ·to different Ei by the· 

following equation: 

E.Ni Ntl2 N N . ~N 1 · N 
= EN! = -+ ~3 + ~ + N + _!_ + e3 (3-17) 

]. - 'r 
€ €Jl2 €~3 €1(2 € -r' 

€ · e3 

.The corrected branching ratios are then defined by: 

i 
, I 

r! = N! /(LJ~!) • 
]. ]. ]. 

(3-18) 

·TO solve Eqs. (3-17) and (3-18), we first have to calcuiate €~3 , 
/' 

Note that 

~ dB = 9! ~dB 
dB • dT dB ' (3-19) 

which. can be evaluated forK 
3 

and -r' by use.of Figs. A-3, A-4, and· A-5 
. ~ 

! I 
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in Appendice I and II. For the calculation of €e
3

, see Section (a), 

Appendix III. The results of these calculations are 

€J..L3 = l 
- 13-99 m, l 

€-r' = l - 2.55 m, (3-20) 

€e3 = l 20.83 m. 

By substituting Eqs. ( 3-6)' (3-8), (3-20), into (3-17) and using 

Tables 2-8 and 3-2 for the values of € and Ni, we obtain: 

696.6 - 427.1. + 37·9 + 134 4 6 ... 
0.951 - l-2L44m 1-13.99m l-18.45m +' J. 

+ 17 + . 37 
l-2.55m 1-20.83m • (3-2l) 

Equat~on (3-21) has a·total of five roots, of which the four 
' '' 

positive ones below 10 are found: 

ml = . 0.002581, 

.05o5 < m2 < 0.0507, 
(3-22) 

.0707 <.m
3 

< 0.0708, 

.038 < m4 < 0.39· 

Among the four values, ~ is the only acceptable one. The others 

lead to unreasonably small relative efficiencies. Once ~ is accepted. 

as th~ root we can easily calculate ei or E1, :Ni and rj_ by use of 

equations (3-6), (3-7), (3-8), (3-9), (3-ll), (3~13), (3-20). ··The 

results are listed in Table 3-3· 
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Table 3-3 Efficiencien nnd Co:crccted Bro.nching Ratios 

l ·)(-
I ' I 

' €. Ni r. i 

I Decay J. J. 

Relative Corrected Branching 
Node ("True" No.) Ratio % I Efficiency ' I 

I 

I 
! 

I Kj.1.2 94.46% 452.15 ·± 21.26 61.75 ± 2.90 
I 

l KJ.J.3 96 ·39% 39-32. ± 6.27 5-J7 ± 0.26 
. ,I, ' . 

95-03% 
' . ~ . 

11.88' 19.26 1.62 Krc2 141.01 ± :. ± 
' i ·.:. 

' 100.00% 
.. 
.2~79 ' o •. 38--r 43.60 ±. 5-95 ± 

.. 

."r I I 99·34% l7.ll .± ·. 4.14 2-3~ ± 0.•57 .. .. '. 

Ke3 94.62% 39.10 ± 6.25 : 5·34 ± o.85 
I I 

I:N. = 732.29' Eri = 100•0 
J. 

I I =R -- .. 
' *AN. for all decay modes except -r 

J. 

' I 
' 

I J I AN-r = N-r total x(681/3814 ). . [See Eq. (;3-2)] 

Section 2 Discussion of Results 

(a) Comments: (i) As the majority of the events in this ex:peri~-
A . . 
ment were identified by the track following- ··and all but 1 of the 11 

~ I • ' 

D.I.F. · events were resolved, practically rio, ,ambiguity exists between 

KJ.J. and Krc events, between KJ,J.2 and KJ.J.J eve!lt~, · _or between T' and Krc2 _ -

events. · L~sted in Table 3-4 ·-is- th~ summa.ri''on the .identification of. 
. ; .... ·.• . 

. . . ·: :. . ~· . ~ ' . :-·; . .:. ... . . . 
-~~ . .; : 

the events. 
~ . . .... 

. '• . . . 
·~· ·: ' --~- ·:· ~···::· ., : . 

. . . ... . ~ ;., :: .. 

. ·. 

_.-,;. 

' .. 
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Table 3-4 Identification Methods Used in the Experiment 

Number of Events Identified 

Category Track 
Following 

K -2 and K 2 ~15.1 
1-1 - 1{ 

4).6 

15 

36 

+onize,tion f11easurement 
or Other Method 

46 (10 original D.I.F. 
· 36 Lost or Out 

Stack) 

2 

1 (Original D.I.F.), 

Total 

(ii) Since both the overall and relative efficiencies 

were found to be sufficiently high (See Tables 2-8 and 3-3), :there could 

only be· a very few possible K+ primaries and secondaries within the scan 

volume still unobserved. 

(iii) Although the estimate made in Appendix III 
+ . 

for the total number of e- track produced around the scan volume was a · 

rough approximation, it bas provided for the first time a rational basis 

to carry out the calculation of possible errors in the first track 

fou'owing. This estimate, combined with the successful handling of 

the ·orig~nal Ke
3 

events, has led to the conclusion that only negligible 

correction in this respect was needed for the branching ratios observed 

in the experiment. 

(b) Comparison: We list five sets of the branching ratios 

measured by different groups in Table 3-5~ 

'I/" • 

\. 
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Decay 
Mode 

K 
J.L2 

K~3 

K:rr2 

'r 
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Table 3-5 Branching Ratj.os (%) in K+ Decay 

Measured by Dj.fferent Grouus 

Birge3 
(1956) 

58.5 ± 3 .o I 
2.8 ± 1.0 I 

I 27-7 ± 2.7 

I 5.6 ± 0.4 
I 

2.1 ± 0.5 

----- <O ------·--·-··· 
Emulsi on 

-· -
Alexan de Young 4 

r 
(1957) 

I 
(1965) / 

-

56 ·9 2.6 
-

61.8 ± 2 ·9 
---j 

± 

5·9 ± 1.3 

23.2 ± 2.2 

6.8 ± o.l.j. 

2.2 ± 0.4 

5.1 ± 1.3 

I 

I 

I 5.4 ± 

I 19·3 ± 

1 6 ~0 ± 

I 2.3 ± 

I 5-3± 

0.9 

1.6 

0.6 

Xenon Bubble 

Roe 1 

(1961) 

·64 .2 ± 1.'3 

4.8 ± 0.6 

18.6 ± 0.9 

5·7 ± 0.3 

1.7 ± 0.2 

5'.o ± o.$ 

I 

Chamber 

Shaklee 2 

(1964) 

63.0 ± 0.8 

3·0 ± 0.5 
' 

22.4 ± 0.8 

5.1 ± 0.2· 

1.8 ± 0.2 

I 
l 
I 

K 3 I 3-2 ± 1.3 
e I . J ____________ .J.-__ ~---J...-----__.J 

Generally speaking, our results (espe~cial1y for the major modes Kl.l.2 

and Kn2 ) agree better with the bubble chamber data than the early emulsion 

data. For this reason, we think .that basically no discrepancy in the 

branching ratios should exist regardless whether nuclear research 

emulsion or bubble chamber is used to perform the experiment. 
. + 

Since the value of some branching ratios of K meson have been 

2 15-17 -· . 
predicted by some theoreticians ' · , it may be interesting to com-

pare our results with some of the predicted values~ The comparis?n is 

tabUlated in the table below 

Table 3-6 
+ .. 

Our K Branching Ratios Cqmp~ed with Predicted Values 

Branching Measured Predicted 
ratios value 

!I Underlying theory 
value 

~----------1-------------r-----· l-~--------------------1 
K 2 0.618±0.029 fl __ ._ 

KJl3/Ke3 1.00±0.23 
. 

'r I /-r 0.39±.10 

0.677±0.011 J Universality2115 _ 
··· · · 16 1 
\ 0.69 ! S-wave K-n resonance 

-----------t=o_,§4 ________ _?::""v~ ~~~-~~r.fan:O 16 I 
0.325 

1 

6I ; 1/2 rule j 
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Appendix I Calibration for Ionization Measurements 

The calibration of ionization in terms of grain density or blob 

density was carried out with respect to different depths in a plate, 

different plates in the stack, different particles, and different 

energies. Although the blob density is different from grain density, 

the difference is not large in our cases where grain densities con­

cerned are lower than 50 grains per 100~. Since blob density is the 

quantity we have measured, it is employed in this work as an ionization 

parameter. 

(a) Blob Density with Respect to Different Depths and Different 

Plates: The secondaries of ten known Krc2 and ten known K~2 were so 

chosen that their origins were distributed over ten plates: from 

D-132 to D-141. The ionization along each secondary from the point of 

its ;origin was measured in terms of blob densities for a path length 

equivalent to a thickness of 3 plates (or about a distance of 2 mm). 

The blob densities were first averaged over the three portions of 

each plate (i.e., upper; middle, and lower portions) and then over 

each whole plate. As the secondaries of the Krc2 and K~2 modes have 

unique energies and the loss of energy at. such energies along a path 

of 2 rr~ in standard emulsion is negligible, the secondaries of each 

category can be considered as two monoenergetic entities which should 

yield two constant ionizations in a 2 mm path. Our results demonstrated 

that the variations with respect to depths of each plate were all smaller 

than ± 1 blob/100~ (See Fig. A-1) and those due to different plates 

were even smaller. 

(b) Kinetic Energy as a Function of Residual Range R: As it is 

the residual range R, (rather than kinetic energy T or velocity ~) 
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which can be measured directly in emulsion, it is more convenient to 

express kinetic energy as a function of R. For this reason, ve have 

used the following e~uations18,l9 to calculate different i and R . p 

with different ~ and list the results in Table A-1. 

and 

where 

The 

by 

or 

i "' _2_:rr_r_;_m_e~c 2_(_n_I_P_. _) . __ · rlln (-2m_e_c"='2~-~_r_2_ 
~2 I 

R (T ) 
p .P 

T 

= 0.00144 + . f
1

. p__,d_T.,._P_ 
J 1 ip 

(em) 1 

, (A-1) 

(A-2) 

C(~) =Density correction term for standard emulsion,19 

i = Total energy loss of a singly charged heavy particle, 

2:rrr2m c2n =· 0.2663 MeV/cm o e . 

p = 3.815 gm/cc (density of standard emulsion), 

I = 331 eV (mean excitation energy for standard emulsion),18 

T =K.E. of a proton. 
IP 
; 

residual range of a :rr or 1..1. at the same ~ is related to R p 

.~ 

'. 

R:rr(~) m 
1( 

Rp (t') ·- I 
mp ' 

.. 
· .. 

R (t') m 
l;!: 1-l : 

R (~) ·- .. 
Dl 

p p. 

·Similar 
I 

expressions exist for T and T ' i.e., :rr .1-l 



• 

-46-

and 

Til m 
~=mil. 

p p· 

The ·two curv~s plotted in Fig. A-2 and the various values of T, 

R and i listed in Table A-1 are the results of the above calculations. 

It is appropriate to make some remarks on the value of I used 

in the above calculation. The exact value of the mean excitation energy 

for standard emulsion is at present uncertain. The ~ld figure18 of 

331 eV was employed in the calculation of·i although there is recent 

20 evidence that the best value of I is somewhat lower. Theirange and 

energy loss rate are, however, insensitive to I and the old value may 

be justified by noting that the range table (Table A-1) gives correctly 

the ranges of the K~ and Kll2 secondaries, which were measured inci­

dental to this experim~nt. 

(c) Blob Density B as a FUnction of Residual Range R. The blob 

density of secondary tracks at different R's from known Kll2 and K~ 

events have been measured. The experimental data are plotted in Fig. 

A-3 with an empirical calibration curve drawn to fit them. The curve 

' has been used as the basis for the ionization measurements mentioned 

in Chapter II. 



1-- -47~ 

250 
i ... 

' -~ 

200 

-> 15 0 Q) 

2 --I-
100 

,. 
' ! 

'' 
50 

0------~----~----~~----~----~ 
! 0 10 20 30 40 50 

R (em.) 

Fig. A-2 Kinetic Energy as Function of Residual Range for n and ~· 

MU -36595 

• 



50 

40 

-0:1.. 
0 

,30 
Cl) 

.a 
'01 
-: 
m -

20 

-48 .... 

R
7 

(em) 

0 s. 10 15· 20 25 30 

0 Tl' 

IOL-----~------~----~~----~~----~ 
0 5 10' 15 20 25 

R (em) Jk . 
Fig. A~3 Blob Density as Function of Residual Range of 1..1. and 11: 

•j •·. 

, 
- ' 



/ 

-49-

Table A-1 K. E.' Residual Range, and Total Ionization 

of p, :n: and ~ 

13 T (MeV) R(cm) i 

(v/c) p :n: ~ p :n: ~ 
re~cm

2

] 
O,lo0911t47 '10,000 13.3'10 10.13'> 2,t..UII 0.JtJ7 0.2•1J '>;0014235 
O.lo1t16535 '15.000 14.134 10.69U 2.8b1 0.427 0.323 4,1!£0604'/ 
o. 42 620 70 100.000 14.f\71l 11. 2b 1 ·~.14J 0.46<1 o.h4 4.6'>~titll1 

o. 43723 06 10~.ouo 1 ~ .62.2 11.074 3.4J•J o.~lll u. "I db 4.511~·166:., 

0.445'1467 11 o. 000 16.366 12. 381 3. 72"> 0.~54 (),41~ 4, 3M; f244 

o. 4543754 11 s.ooo 17.110 12.950 4,030 0,600 o.4:.4 4 .23'109 f1 
o. 46253 45 120.000 17.11'>4 13.H4 4.343 0.646 l 1 • 40q 4,1<:10'H~ 

o. 4 7044 OJ 125.000 1t1.59tl 14.077 4.66~ 0.6'14 o.'><''> 4.011'>36'1 
0.47111073 130.000 19.342 14.640 4,'1'16 (). f4J o. '>td J.90'Ib576 
o. 48554 89 135.000 20.066 1'> .20J 5,3J6 0. 7'-llt 0.6!11 3,8llt6216 

o. 4921772 140,000 20.R30 1'>.766 '>.6d1 0.1!46 0.640 3.(2'>"1704 
o. 4'196032 145.000 21.574 1b. 32'1 6.039 O,ti'I'J (;,680 .3.642:'1111 
o. 5061>3 72 1'>0.000 22.317 lb.ti'IZ (),403 0.'1'>.3 o. 7Ll 3. 5blo J2'14 
o. 513288S 15'>.000 23.01>1 17.455 b, 774 1.UOH n. 7<. J .J.4'1<l17;/6 
o. 51976 58 160,000 73.005 1d.OUs 7.154 1.064 o.aot. 3.4214410 

o. 5260711 165.000 24.549 lH, '>Ill 7.'>'o0 1.1U o. 84'·) 3.3~5'17'1'1 

o. 53222 '19 170.000 25. 2'1 ~ l<J.14/o 7,935 1.11!1 (),8'14 3.2'11o07J6 
0.5382310 175.000 26.0.H 1~.707 H .• B6 1.240 o. '139 3.2.!5439'1 
0.544086'1 180,000 76.781 20.270 tt.74'j 1.301 0.'105 3 .17'1ts26'1 
o. 549tl036 lt!5,000. 27.~25 ZO.t13J 9,160 1.Jbl 1. 012 3.12f<.l068 

~ 
o. 5553869 190,000 28.26'1 21. J<i6 'l.'ldl I. 426 1.07'1 .i.Of67153 
o. 5608419 19'>,'000 2?.013 21.'160 10.012 1.490 1o ll7 3.0lfl'14 74 
0.5661737 200.000 2'1.757 u.523 10.441:! 1.5'>4 1.17 7 :?.'lt13i5'>7 
o. 5 713869 205.000 30.500 2J,U66 to. en 1.620 1.226 z.•B9H4 '16 
o. 5764859 210.000 31.244 23.64') 11.34(1 1.687 1.277 2.1l'182841l 

O. 5814H9 21'>.000 31.9!18 24.21;> 1'1.7q~~ I, 7'>!> t. 32tl 2.8'>!1'>4C!> 
o. 58635 71 2l0. 000 32.732 2"· 77'> 12. l';b 1.8:.04 1.3:!0 2.8l04'l'H 
0,59U382 225.000 33.476 25 • 33K 12. 7"1. 1t 1.11'13 1.4H l. 76405'>1 
o. 59581 99 230.000 34.220 2'>.'101 1'.1.198 1.964 t-486 2.H'I1104 
o. 6004059 23'>.000 34.964 26.461, 13.677 . 2.0J5 t.5'o0 2. 71'>'>761 

o. 604'19'1 7 240.000 35.7011 2 f .02 f 14.163 2.1o·r 1.5'1~ 2.6113J692 
o. 6093040 24'>.000 36.452 2f.'>90 14.654 2.160 1.650 2.6'>24140 
o. 61362 19 250.000 37.191> 21l.15:l 15.1'>1 2.l5 .. 1.706 l.6.<lb3'1'1 

o. 61 765 60 25'>.000 31. '140 .lB. 716 15,6'>4 2 • .32'1 1. 163 2.'>9N!l1'1 
0.6220089 260,000 38 .61:!4 2'1.27'1 16.16/ 7.~oO'> 1.810 l. 5t..td 7'1.~ 

0.6260831 265,000 3'1.427 29.1!42 16.67'> l.4til 1. I! 7 cl 2.'>3'17763 
o. 6300809 270.000 40.171 30.406 17.194 2.'>'>1l 1.'1 16 2.5141205 
o. 63400/o 7 275.000 40.'115 30.96'1 17.717 2ob36 t.q~s 2.4L93634 
o. 63785 66 260.000 41.6'>9 31.'>32 16.247 z. 7l '> 2.055 2.'o6'>4595 
o. 6416.! 8 7 285,000 42.'o03 32.0'1') 16.761 7.19/o 2. 115 .l.'o473667 

o. 6453528 290.000 43.147 32.6511 1'1.320 2.874 2.176 2.4200454 
o. 64'10011 295,000 43.8'11 33.221 19.864 2.'1'>'> 2.nr 2,3'1H451l6 
0.6525852 300,000 44.635 33.764 20,413 3 .oH 2.2'19 2.3775717 
0.6561069 305.000 lt5. 37'1 34. "$4 7 :?0,'166 1.119 2.Jt.t 2. 35 73520 
o. 65956 79 310.000 46.123 34.'110 21.'>24 '3.202 2o'o24 2.33716'12 

o. 66296 99 31'>.000 ltb.H61 }5.47J 22,UIJ7 1,/.1!6 "~· 4t~ 7 2.31H7•lto'> 
0.666.3143 320.000 .. 7. 6ll 3t .. v3h l2.6~;·j ·1. J71 /o5'>l l • .lv040U'I 
o. 6691>026 375.000 4!1.3'>4 )6.'>'1'1 13.22 7 1·'•5b l.o616 2.21iL'>61i' 
0.6726364 330.000 49.091:! j '· 162 23.t;0~ '.1. '>41 2. 6!ll ". 21>~25 72 
0.6760169 ns.ooo 4'1.642 !,1. 7'1.'> lit. 36 1t ),62H z. 7 1,t, 2. 7.o«tli46U6 

o. 6 7'114 55 340,0011 'iO. 5H.6 ),,'/.tltl 24 ,9(.-1 'l, 71'> /.!112 .<.2.H1'>lli 
0.1>822236 34-;,oou '>1 • .130 3tl.d51 .. ~.,'>il J, UO.l 2.UfU 2.llt.HC'I 
o. 6852523 350.000 ~2.074 3'1,415 ?h. 151 'I,IS"ll 2.4•t5 l.2U0'1Ul f 
0,6882326 3'iS,OuO 5..?.818 j'J. '11 8 2b, 74·> ),•J>h) ~. 012 z.1<~~·J'i n 
0.6'111663 360.000 53.562 4L' • '>41 27.h1 4,1)6') 3.01!0 "1.11140'16 

• 
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Table A-1 K. E.' Residual Range, and Total Ionization 

of p, 1'( and l.l (continued) 

t3 T (MeV) R(cm) i 

(v/c) p :rc l.l p 1'( l.l 
[Me~cm

2

J 
o. 69405 39 36'>.000 54.306 41.104 27. ·J'.>6 It ol'>9 3.1411 Z.1~i72'HJ 

o. 6968968 310.000 55.0~0 41.66.7 ll!. 51>6 4 .z:.o 1. 21 I l.14J49 ll 
0.69~6958 375.000 '>5. N4 4l.l3!J 2'1. I f-l '•. 141 ~.2!i6 2. 13UO'/Ob 
o. 7024522 3bO.OOO '>6. 537 41./H 2'1.(~6 '•. 4 )j 3. 3~i5 7.11f04.1H 
0.7051667 365.000 '>7.2!!1 43.356 10.417 4.5 26 1.4:.!'5 2.104H76 

o. 7078404 390.000 58.015 41,'/l'l II. U4l 4.1>1il 3. 1t•)6 2.0'11'1'>'16 
0.7104742 3')5.000 '>!!. 769 44.4tl2 Jl.l> 70 4."112 3. !ibb 2 .o l'lti9 f7 
o. 71306 89 400.000 ~i'l. '>I 3 45.04'> "12. \Ul 4. tH'6 "1. I>Jd l.O&!l140l 
o. 71562 55 405.000 60. 2?7 4~.60~ 12.'1 j( 4,•}01 1.709 2.0'>ho7H 
o. 71 !!14 47 410.000 ni.001 41>. 171 :11.,76 4 .• 'l-16 I, 7R 1 2.04~49111> 

o. 72062 74 415.000 61.74'> 41>."()4 34.21') 5,\l'll j,/1'>3 2.0.14'>934 
o. 12 30744 4.£0.tl(J0 62.4!!9 47.:t.9/ )4, Mb'> 5.LU1 3.9<'6 :t..Ol."l 15213 
o. 72548 64 42'>.000 63.233 41.!!61 35.>14 5. 2H 1• 4. Y·l') 2.o1J'>6lll 
0.7278640 430.000 .63. 977 41).424 .,, • [hi> '> • JH 1 4.013 2.00)429'1 
o. 7302082 435.000 64.721 4:.<.987 36.822 :, .479 4. 14 1 l.'l·l b30U 

o. 7 325195 440.000 65.464 4'>.~50 .17.4b1 'i. '>77 4.ZZl 1. 9H 3>3629 
0.7347987 445.000 66.201! '>0.ll3 J!!.144 :; • (, 7'> 4.2·:•5 1.9144111'> 
o. 13 704 63 450.000 66.'>52 5() .67c. 3A.SO'l '>.774 4,370 1.'11>51907 
o. 7392630 4'>5.000 67.1>'16 :>I .:t. 3'1 3'1.417 S.o74 4.446 t.9'>~>ttn 

0.7414495 4(>0.000 68.440 '>1.802 40.149 .,_ ~73 4.'>11 l.'J't73'>70 

0.7436063 465.000 1>9.1!14 ?1. 365 4a.Hl] l>.u74 4. ':>-17 !.9:11113113 
0.7457341 470.000 69.'l2tl ~2.'121l 41.~01 b. liS 4. I> 14 !.93uHa3 
a. 74 783 34 47S.OUO ta. b 7 2 ,3.4'11 42.1111 6.271> 4. 7?0 l.9L.?06 71 
o.7499a47 4UO.OOO 71.416 54.()54 42.11C.'> 6. J 7!J 4.821 1.'1~40aJ2 

0.7519481> 485.000 72.160 54.617 43.5'>1 <..4isC 4,'Hl4 1.'1un1Dt 

0.7539656 49a.ooa 72. '104 5?.1011 44.l.40 1>.'>82 4.9112 1.89H39ltl 
a. 7559562 4<Js.aoa 73 .1>4!! s~•. 143 44 ,')Jl bobll'> 5.060 l.tl-lllti34J 
a.7579210 saa.aoo H.3'H ';;t..Ja7 45.b/6 ~>.fqa 5.13tl 1.8b143C.U 
0. 7S986 04 '>0':>.000 IS. I)<; !ill. il7U 46.J23 "· !J'I?. '>.217 l.lllt>192!l 
o. 7617149 510. a(JO 7'>.879 57.433 ,,7.023 6.'1-lb ... ]'15 t.tlh4L:'Itl2 

o. 7636649 515.oao 76.1>23 '>7.996 H.1i!IJ 1. l(Jl '>. 3 15 1.81>21502 
o. 765~3 09 520.000 17. 31t 1 5d.'>'Jf.J 41l.4Jl 7.;;.06 ·'>.454 1. 8~5 3441 
o. 7673133 52'>.0UU 711. Ill ~·1.122 49. 1 Ja 7..111 '>.514 t.!!41io757 
0.7691926 530.000 78.HS'> 5">.08':» 49.64·) 7.411 'i.6l4 l.B4t2l414 
o. 77098 '12 5J5.000 79.5'1'1 60.2411 '>0.51>1 1.')}3 s.n·J4 1.83_5731~ 

o. 7127635 540.aoo 1)0.343 6(J.811 51.2 lb 7.62'1 5.774 1.82'14606 
0.7745159 54'>.000 Bl.OR7 6l.H4 Sl.994 7. 136 5.8'>5 1.!!23.1a7a 
o. 7762467 550.000 81.1131 o1,937 5l.714 7.84) !j.93b 1.8172737 
o. 7779564 555.000 82.574 62.'>00 ..,~.436 7.<J'ia 6.0ld 1.8113515 
o.779b453 sc.o.ooa 83.318 6.1.063 '>4.161 ll.O~H 6.0'1'1 1.80'>55'>2 

o. 7813138 565.000 84.062 63.62C. '>4.111111 ll.l66 6.1111 1.79911640 
0.7829622 570.000 H4.!!06 6'<.189 55.611 8.27':> h.2C.3 1.7942!!10 
o. 7845~ 0'1 575.ooa 8~.550 1>4.752 '>6.34'1 !! .• 184 b. 341> l.lt16tl034 
o. 786:?a02 580.000 86.294 h~,.]Jb ~7.0tLl fl.4'13 6.4lil 1.7!!3'•286 
o. 7877904 '>85.000 87.038 65.117'1 ., 7.!! 19 !1.1>02 6.511 1.77111S40 

0.7893619 s·~o. ooo 87.7112 blt.41ti! ~a • .,~~ 11.712 "· 5'1.4 lo772'17ll 
o. 790'11'>0 595.000 118. S21t b 7.005 '>9.2'1/ 11.11<!2 6,1>/H 1.767119!>4 
o. 792449'1 600.000 8Q.270 h1.5b~ 60.040 ll.'IB 6.761 1.7t.7<J068 
o. 7939670 1>05.000 90.014 (Jn,131 60.71>4 9.044 6.tl45 1o7'><J008'l 
0. 79S4666 610.00() 90. 758 6(< .694 61.~Hl '1.15'> 6.9l9 1.7~319'14 

o. 7'1694 90 615.000 'll • ')O 1 lt'1.2S7 62.2N 'l.i/66 7,013 1.71o84764 
o. 791!4144 620.000 '12. 74 5 b'l.d20 6J,O .10- 9~:Ht1 l ,09H 1.7418318 
o. 79986 31 675.000 92. ~09 7l< • .Ill .I 63.7U2 ~.,.490 1.111) 1. 7392814 
o. 80129'>4 bJO.OOO '13. 7H 7(•,941> 64.~H ~.<>C2 '.268 1.1'14tl056 
0.8021116 635.000 Q4 .4 71 71. '>0'1 (,5,2~"1 ·J. 715 7. 3~d 1.7J040HI 
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Table A-1 K. E.' Residual Range, and Total Ionization 

of p, 1t and 1..1. (continued) 

~ T (MeV) R(cm) i 
~ 21 

(v/c) lMe~cm j 
I> 1t 1..1. I> 1t 1..1. 

.... 
o. 8041118 <>40.000 95.221 12.012. 1>1i.u~2 'l.ll21 1.4 )6 1. 7ll>0817 
0.8054964 645.000 95.'lC>5 'll.b.:IS i>6,H11. '1. •)40 1. s;u, 1.72lll422 

o. 80686% 6SO,OOO <J6.709 73.198 67.514 1o.u~4 7. 610 1. 71766'l'l 

o. 8082197 6S5.000 \17.453 71. 76:! 6!l.D>l 10. 11>1 7.6y(, 1.7tl~6~j 

o. 809'>5 88 660.000 98 .I 9 1 74. 32 ~ 69.1()4 IO.IH1 7. 7112 I •. ,(J<J5)8 7 

0.8108832 665.000 98,941 74. 8!!1:! t..<J.t171 10. 3'16 7.1:168 1.70~~76~ 

0.8121932 670,000 9'1. bel~ 7S,451 70.640 1•J. o; l(J 1.\1~'> 1.701~>81'1 

o. 81348 90 67S.OOO 100,471:! 71>.014 71.411 10.62'> 11.042 1.6971151«> 
O. 81477C7 600.000 101.174! 71>.5ff 72.1il4 10.740 11.129 1.6'1401160 

o. 81603 86 66~.000 101.916 77.140 72.95~ 10.855 8.716 1.6'103830 

0.8172928 690.000 102.660 77.70 3 73.13'> 10. ') 10 ~ .. 304 1.6il6/414 
0.8185337 69S,OOO 103.404 n.2t.6 74. ~ 1) 11.066 !l,:I'H 1.611315'18 

0.8197614 .700. 000 104.14!1 7H, H29 75.29l 11.202 ll.4/9 1.6N636U 

0.8209761 705.000 104.692 79,W2 76.073 11. Jill e. 56.7 1.6761714 

o. 82217 80 7l o. ooc 105.636 7'1.9~~ 76.U56 ll.43'> !:l.t>S>; 1. 6 77.7622 

o. 82)36 73 715. ooo 106.380 H0o':i1il 77.640 lt. 'l52 il. 7'11 1.66940tl2 

o. 6245441 720.000 107.124 l:! 1.0111 7tl.4lb 11. 61'>11 8.11.12 t.6C>61081 

0.8257087 725.000 I 01, t16tl !:ll.b41t 79.214 ll.7tl6 8.920 1o667d60'1 

o. 82 68612 no.ooo 106.611 82.201:1 80.002 11.90:1 9.009 1.6~9(>656 

0.8260016 73S. 000 10'1.35:i 82.771 110. 7'1'1 17.021 'lo 0 ~d 1. 656520!1 

o.B29U07 740.000 110.099 1:!1.334 01.'.>05 11.13tl 9 .. 1!\tl 1.65342 ~8 

o. 6 3024 80 74'>.000 1lO.H43 &:i.ll'l7 !!2.31>) 12.7.56 9.277 1.b~OJ79~ 

0.8313540 7~0.000 1ll.<;87 84.460 113.173 12.315 '1.31>6 t.blt '13610 
0.6324487 755.000 1!.l.331 8~i.OZ3 b3. 't(>'} 12.4•)') ').4'>6 1.6 .. 44291 

0.8335323 760.000 113.075 6~.'>61> 114.767 '12.1>12 9.'.>46 1.6'<15232 

0.8346050 765.000 ll3,t!l'i 8bol4Y ·as. 566 12.731 9 .• 6'16 1.6386622 
o. 8356669 770.000 114.563 lit.. 11<1 1!6.367 12.851) 9. 726 1.63'>!!.453 
o. 6367182 775.000 115. 30 1 1!1.27!> 87o16'J 12.969 9oiH6 1.6330717 
o. 8)775 91 780.000 116.0H 81.!13!! R1.'112 1'1.089 '> •. Y07 1.630)404 
o. 838'(896 765.000 .116.795 88.401 811.776 13.208 9,9•}7 1.6276507 

o. 8398100 790.000 ll7.53tl 68.964 89.5112 13. 328 IO.Otltl 1.6?5001'~ 

o. 64082 03 7'li'.>,OOO 118.282 8'1.521 90,.111'1 1 3 ·" 4!! 10.179 1.6;1:23930 
o. 84162 07 6c.o.ooo 119.026 90.090 91.196 13.569 10.270 1.619o2B 
0.6428114 1105.000 11'1.770 <JU.6H '12.008 1),68'1 10.361 1.6172923 
o. 6437924 810.000 120. 'H4 91.2ll 92.!11'# U.lllO 10.4~3 1.61479!!9 

o. 84476 39 815.000 121.258 91.780 '13.631 u.•Ht 10.'>44 1. 612 3428 
o. 6457260 !!20,000 122.002 92.343 'l4.444 14.0'.>2 JO,b\6 1.60'1'1231l 
o. 64667 89 825.000 122.146 'l2o'i06 'l/5.2~·) l4.17J t a·. 121 l.b07H91 
o. 84 762 26 830.000 123.490 9.1.46'1 '16.01'> llt.2'14 10.81'll 1.6051901 
o. 84 8'.>5 74 .835.000 124.234 . <}4 .031 '16.8YZ l4.1o 16 10.'111 1.602<1751 

o. 84946 32 840.000 14!4.'1/8 9 ..... ?, '17.'110 14.~3!! 11.003 1.600'.>952 
o. 8504003 645.00:> 12<;. 72l 95.1511 98.5.:10 14.660 II .0'16 1,5'183478 

' i o. 65130 67 850.000 126.465 '15.721 99,3SO 14.182 11.11ld 1.5'161331 

' o. 6522066 855.000 127.209 96.264 100.172 14.'104 11<2&1 1.~9H50~ 
I 

I 0.8531000 660.000 121.953 96.!147 100.'1'1'> 1o;.o21> 11.3/3 1.'.>'11 79'13 
,, 
I o. 8539831 865.000 128.697 91.410 1P1.01'J 15.14'1 11.4<>6 1. 5<1•)6 791 

.I ·o. B548580 11/0oOOO 129.441 •H.'I73 102.644 15.2/2 11.'>'>9 1. 58 756'13 
0• 8557248 675.00(1 1·10.l6S 'Jli.Hb 101.4.70 1'i.B!> ll.6~Z t,'.>U5'>2'14 
o. 8':i65636 880.000 1"10.'12'1 'l'l.09'1 104,2'17 1";,518 I I. 1<.";; 1. 5113't'l!18 
o. 857434.5 865.000 131.6H •N.66J 1CS.ll':i 15.641 11.tl3tl 1.5U14911 

0.8562715 8'10.000 132.1ol7 100.221, 105.9!>4 15.764 11,'1U 1.5795237 
0.6591129 895.000 1H.161 I00.7u'l 106.784 1S,Il8tl ll.OL'> 1.5175762 
o. 8,5994 06 9oo.o ... o 113.90~ 101.352 107.616 16.011 12.11'1 1. 51'>6601 

.o. 660760'1 905.000 134.64!1 10 l .'ll s 108,440 11>. 1 )'> 1..!.213 1~5/376'11) 

o. 6615737 910.000 135.392 102.471i 109.281 16.259 12. 3u6 1.511-70.42 
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Table. A-1 K. E.' Residual Range,_ and Total Ionization 

of p, 1t and IJ. (continued) 

t3 T (MeV) R(cm) i 

(v/c) p 1t IJ. p 1t IJ. 
[Me~cm

2

J 
o. 8623792 91'5.000 136.136 10:i.041 110.116 11>.H3 12.400 1.57006~6 
o. 86317 74 9?0.000 136.81!0 10.l.604 110.'1'>1 16.:>0~ 12.495 1.51>8252'> 
0.8639686 '17.5.000 131.624 104.16i 111.7tl7 1bo6.ll 1.:! .• 513'1 .1.':>664646 
0.8641526 '1)0.000 136.368 104.730 112.624 16. "15 7 llo61H 1.564701'; 
o. 86552 97 9H.OOO 139.112 105.293 113.462 16.dt11 1l.1fl 1. '>62'162d. 

o. 8667.999 940.000 13'1.1156 10'>.1!%. 114.301 17.006 12.874! 1.56124~0 
0.86706H 945.000 140.600 1Ql •• 4-1'1 11~.141 17ol H u. '166 1.~')')5568 

o. 86 7819'1 9'>0.000 141.344 I 01>. 'ltl<' 115.'1<!2 17 o2Sb !1.061 1. 557tHid I 
0.861:!5700 9'>5.000 142.088 101.54'> 116.0<' 1• 17.-381 13.b6 1.5?624:.14 
o. 66931 J'> 960.000 142.632 106.10<> 117.666 l7.507 11.251 1.'>546206 

o. 8 7005 04 965.000 143.H5 10o.6T.? 118.510 11.632 I 3. 346 1.5':>101'1~ 

0.8707610 97(1.000 144.319 10'1.23S 119.3.'>4 17. /511 u. 441 1.'>514410 
0.8715053 975. o·oo 145.063 10'.1. 1'1~ ll0.1'1·J 1/.[H!4 !3.536 1.54~~8 j4 

0.8722233 9dO.OOO 145.807 1!C.36l 1l!.U4~ 1H.OU\l 1-1.6-H 1.'>4HJ4e'l 
o. 8 72'13 52 9d5.000 146.5S1 110.-/24 111.an ld .I~~ l.l.U7 lo '>4{>i!310 

o. 8H6409 990.000 147.2'1, 111.487 122.740 1H.262 1"1.11l2 1.545.13'>6 
o. 8 7434 Ob 9'15.000 148.039 lll.050 111.'>1:18 18.38~ .1·~.918 1.5431:1.602 
o. 8 750343 1000.000 141:1.763 112.613 124.4311 1H.514 14.013 1.';;4l4047 
o. 8 7572 22 1005.000 149.'>27 113.176 1Z'>.2ua 18.641" 14.10'1 · 1.54096e6 
o. 8 764042 1010.000 1 S0.21l 11~. 71'J 126.13'1 18.l67 14.20, 1.539~517 

o. 8 7708 05 1015.000 151.015 11 1o.302 116.'1'10 18.d'J4 14.301 1·. '>J1115J5 
0.6777511 1020.000 151.758 114 .66~ 127.1141 19.021 14.397 1.5361.740 
o. 6 784160 1025.000 152.502 11'>.4211 178.6'16 14.14"1! 14.4-H 1.53541211 
0.8790754 1030.0CO 1 ':>3.246 ll5. "i191 129.550 '14.275 l4.51i9 1. 5 3406'16 
0.8797293 1035.000 153.9'10 116.554 130.40'> 1~.402 14.61)'> 1.532/442 

0.88037711 1040.000 154.734 117.11<> 1 H .260 1"1.~2~ 14. 7il2 1.5314362 .. 
o. 88102 09 1045.000 155.478 11 (,6&1 132.116 19.o57 14.8/8 1.5JOI't~'> 

0.8816587 1050.000 156.222 111!.244 1 32.9 n 1~.7~4 14.9/5 1.52ilt1717 
0.8822913 10'>5.000 156.966 118.1107 133.831 1Y.'Jll 1'>.071 1.52"Tt.1 ... 1 ... 
o. 611291 86 1060.000 157.710 119.370 134.61:19 20.039 l ~j. ltJij 1.'>263741 

;. .... 

o. 88354 08 1065.000 158.454 11'·l.9B 135.54<i 20.167 15.264 1.5251497 
0.8841580 1070.000 159.19d l2li.4'16 136.4011 20.295 15.]b1 1.523'1414 
o. 684 77 01 1075.000 159.942 121.05'J 137.26A 2o .... 23 15.4jll 1.5a741lt! ,_ 
o. 8 8537 73 1080.000 160.685 1.21.6201 138.12'l 20.SH 15. '>'>'> 1.5t15711 :·~ 

0.8859796 10d5.000 161.429 122.11:1'> l36.'N1 Z0.67'1 15.6j2 1.5l04099 

0.8865770 10'-10.000 162.173 122. 7411 l'l9.1:!5J . 20.1108 '15. 1 ... ·1 1.'>192632 
0.88.11696 1095.000 162.917 12l.311 140.716 20.93'- 1 ':>. 646 1.51111313 
0.11877574 1100. oo_o 163.661 1.n.fl74 141.580 ll.065 15.'l44 1.5170141 
o. 88834 06 1105.000 164.405 124.437 142.444 21.193 16.041 1.51~9113 

0.8889191 1110.000 165.149 12'>_.000 143.30<1 21.322 I b. lld 1.51411128 

o. 8894930 1115.000 165.tl93 12'>.5&4 144.17'> 21~451 I 6 • .?.16 1.5137483 
O. 89C0624 1120.000 166o6H 12<.. 121 145.041 21. suo 16.3H l.5l2b87/ 
o. 8901>2 :h 1125.000 167.361 126.690 145.'107 21./09 I6.4.H 1.5116406 
o. 6911878 1130.000 168.125 127.253 146.775 ll • H 31:! 16.'>29 1.5106011 
o. 8917438 1135.000 168.869 12f.tl-16 147.b43 21.'11>1 1{>•626 1.50<158bl! 

0.8922~55 1140.000 169.612 12<1.37'1 148.511 l1oU'I6 16.724 lo!>Od!o796 
0~ 8928429 l14!io00(J 170.)56 126.942 149.300 l?.;a'.o 11>. 84!2 lo50/58S7 
o. 8933860 1150.000 171.100 129.'>05 1~0.250 27.. 355 16.97.0 1.')01>6036 
o.893<i249 1155.000 171.844 13U.06tl 151.120 22.4~4 1 7. 0 l_tl 1. ')(1>;6345 
0.8944597 1160.000 172.568 D0.631 1'>1.991 22.{>14 17.116 1.50467711 

o. 8949903 1165.000 173.332 131.19'• 152.6b2 22.743 17.214 1. 503 7333 
o. 895'i1 68 1170.000 1 74.07b 131.757 153.734 22.8 13 17.312 1.'>0280C9 
o. 89603 93 1175.000 174.820 l32.HO 154.606 2J.OC3 11. "11 1.5018603 
o. 89655 78 11110.000 175.564 132.883 1'>5.47~ n. 133 l f • '>U'I 1.5009714 
o. 69 707 24 1185.000 176.30!1 133.441> 1'>6.3'>3 Zlo263 17.607 1.')000741 
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Table A-1 K. E.' Residual Range, and Total Ionization 

of p, T( and 1-1. (continued) 

f3 T (MeV) R(cm) i 

(v/c) 
[ MeV-cm

2 

J p T( 1-1. p T( 1-1. gm 

o. 8975830 1190.000 1 77.052 134.009 157.221 23.393 17.706 1.49'H882 

0.8980898 1195.000 177.795 U4.5H 158.101 n. sn 17.804 1.4'11013'> 

0.8985927 1200.000 178.';39 13'>.136 158.976 2'.653 11.903 1. 4974499 

o. 8990918 1205.000 179.263 13'>.699 1'>9.851 n. 783 18.001 1.496597J 

o. 89958 72 1210.000 180.027 136.262 160.727 2:1.913 IH.IOO 1.4951554 

o. 90007 89 1215.000 lt!O. 771 1 j/,. :J2'> ltol.6U4 ./4.044 1 ~. 1·n 1o4"J4'J21d 

o. 9005669 1220.000 l!ll.'>l5 13l.J8K 1 1>7.. "'" 24. 114 1r· .• 2 I( 1.4'14103/ 

o. 9010~ 12 122'>.000 I H2 .l'>'l 13/.-151 11>! .J'>~ 2"•. "'lU'l li<. 3 IO 1.4'"1il9jlt 

0.<101531'1 1230.000 1 K 3.003 1 3~1 • ., 1 '• 11>4.2)6 2'•. 4 J6 L 6.4'1'> 1.4~~'·'~-'4 

0.9020091 12 35.000 lt!J./47 u·:.. on 11>'>oll'> .l'•· .•66 l ". ~j )4 1. 4~1 103'> 

o. 9024827 1240.IhJO 1H4.4'/l 13·1.640 I65.Y"H 24.1>')7 I 11. 1>·13 1 o4'/IH2 36 

o. 902'15 29 1245.000 1 >15. 23'> l'•t: .20.l 166.d71 l4.U2R l>i. 7'1 2 t.4-I015.5'.J 

o. 90341 '15 1250.000 IB5.91Y 140.166 1t.1.1~>2 24. 1'>9 I".. 8'11 1. 4tl'J3''132 

o. '1038828 12'>~.000 186.722 141.121 lt>6.6'J I 2').0'10 1"·'1'10 lo 4 tid 642 5 

a. 904342 r 1260.000 I 01.466 l41.lJ'Il 169.51.1 '-';.221 1·).0~9 lo4bf'i01l 

o. 904/992 121>5.000 11.18.ZIU l4l.45~ 1 70 .3'14 2S.J52 l'1.11J'/ 1. 4tl116'l3 

o. 9052523 1270.000 IRK.'l'>4 14.1.01} !11.276 I'>. 4tlJ I'1.21Jtl 1.4>11\4466 

0.90'>7022 1215.000 189.6'11! 143.587 112.151l 25. (.14 I '1. 31:• f 1.4u'i/3H 

O. <10614 88 12HO.OGO 1•10.442 144.145 173.()40 L'>.I4S 1~.4H 1.4o'>O<'Il'> 

0.906';;'122 128'>.000 l'/1.lnb 14'•. 708 1 n.•n.1 l'>. u 7{ 19.'>01> 1.4<!4 Ill 'I 

0.9070324 1290.000 191.'130 14'>.271 174.&06 2h.OIJH I "• 6<!'> 1o4tS 16461 

o. 90 746 9'> 12'15.000 I •12 .I> 74 14,.1!:!4 1/5 • fo'IIJ Ll-o.140 I•J. 7h'> 1o4dlJ6/Il 

a. 90 7'1034 1300.000 1'13.41<1 l4o. 'j'l/ 116.574 1.(, .l-11 l t'• Hci4 ).41J,.>l9~£ 

o. 901!3342 1305.000 1 '14. 1t>2 141,.960 117.45<! l"-403 l'l.'ltl4 1.4olll3 7r:J 

I o. 901!76 19 1310.00:J I 94. 'IOo !41.523 !711.~4J 2.6.~34 IO.Oe4 lo4tlll'l841 

\ 
i 0.9091666 1 'H5.000 1~S.h'•9 L4to1.08C.• 1 11.na 1.4t:U33~'> 21>. 666 lll.l t:3 

0.9096082 1320.000 196.393 14o.64'J 11!0.111 21>. {')II 20. ZIIJ lo47'170J1 

a. 9100269 1325.vUU 197.U7 14·1.£ II IOU. 'J~·I lt> .~ 30 .'U. :Jn i 1.4'1'10746 

a. 'H 044 7.6 1330.0fJO 197.6A1 14•<.11~ un. tluo l f • Uld h). 4H 3 1. 4llJ4.541 

a. 91 ous 54 !335.000 I')!! .625 1500!38 1H2. 712 27.1•13 2U.~Ill 1.417H415 

a. 9112653 1340. ouo 1'19.)1>'1 15U.901 1H 3.6'> ·) l7.J2~ 1.0. 6nl 1.4172361> 

0.9116724 1345.000 200.I1J 151 .46') lo4.'.i4/ 21.4'>1 lO. IH2 1." lb,(, 3'14 

o. 91207 6 5 13'>0.000 zoo. t!'> 7 l'>loOltl lb5.434 ll. ~HY 10. 6rJ2 1.471>0497 

0.'1124779 13'>5.000 20l.hol l'>l.'>-11 IH1>.322 27.127 lO.'Iu2 !.4h461'> 

0.9128765 1360.000 202.J4, 15 I .1'>4 111,.211 £{.0'>4 II. Orll 1.414~9£7 

0.9132723 1365.000 203.0119 1')3.717 IUR.100 21 • ·~IJ6 ;.'l.ld2 1.4141252 

o. 'I 1366 53 13 70.000 lOJ.il32 15 1t .lllO IHHo'1~·~ ltl.ll~ l•,I.Jrl J 1.413764-i 

a. 9140551 13 7'). ooo 204.576 1'>4.1!4.1 lll'l. d 'ij 7q.2sr /t •. J83 1.473lll1> 

0.9144434 131!0.000 705.320 1'>0,.406 I '10. ft>U ,().JH3 d.4.13 1.41l665'> 

0.914R284 13R'>. 000 206.064 l'>'>•'~o<i 1·n.o,u 28 •. , 15 ll. '>I< 3 1.4/7.1262 

0.9152107 1390.000 706.80d 156.'>3.? 1'12.54'1 ;>II. 64f.• d~6Hl 1.4 71'>93'1 

0.91559CS 1395.000 207.552 157.09'> 1'13 • 4 3 I 0.780 l1.fu4 1.411U6tl.J 

0.91~}676 1400.0011 l08.2'1o l)I.65H 1 ')4. 331 l~.-113 2l.tld4 1.4105494 

a. 91634 22 14u5.ooo 209.040 15<l.221 1'15.222 2'1.046 21.'1~ 5 1.4100311 

0.9167143 1410.000 209.784 1'>8.784 1'Htol14 2'1.178 2:.'.0115 1.4(>'1'>314 

o. 91 708 36 14l5o0v0 210.528 l'>''. 34 7 1'11.006 il'i. ~ 11 /ll'oh'» lo46'•o'P2 

o. 91 71t!i'08 141'0.000 2li.Hi! 1!>'1.'110 1'17.d·ltl 2'}. '•'•'• lZ.ltH> l·"I>'J~)IJ4 

O. 911H1·54 14l5o000 212.0lb I bU. 4 7't I 'IB • 7'1 I 1.'1.'>71 a. 3~6 1.4t>ll05<'8 

0.91tll775 1430.000 212.159 161.031 19'1.1\t<3 2'<. IC'-1 22~4<11 t.4of.572'> 

o. 91853 72 I4H.OOO 213.503 lt.l.600 2<:o.s 11 l~oH41. 17 • "J!UJ lo 41> 709114 

o.918A94!> 14'•0.000 ?14.247 162.161 201.470 l'l. •11'> 22.6!111 1.466~304 

a. 91924 94 1445.000 214.9'11 lt>1.12u 202.364 30. I OH 2 2. 7tl'l 1.4(.h16!i4 

0.9196019 1450.000 21,.13~ 1 (>I. 21!'1 2ll.~.2~8 30.l41 n.bu9 1.46'>7124 

0.'1 19'15 21 1455.000 216.479 16l.d57 2114.152 30. H4 ;-;>.9•10 1.46n622 

o. 92,03000 1460.000 217.223 164.41~ 205.041 J0.5C7 /3.0'11 1.4o41lltlO 

.. 
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Table A-1 K. E., Residual Range, and Total Ionization 

of p, 1( and iJ. (continued) 

f3 T (MeV) R(cm) i 

(v/c) [Me~cm2] 
p 1( iJ. p 1( iJ. 

o. 92064 51> 14(>').000 217.967 It>~ .'118 205.942 10.6H 23.1'12 1o4b4379~ 
o. 920<Jtlll9 1470.000 216.711 16'>.541 206.8.H :l0.7/4 23.2-,1.1 1.4b39~6~ 
o. 92l12 99 1475.000 219.455 166.10'• 2U7. B2 3rlo'I07 73.393 1.4td'>1 '13 
0.'12166~7 14bO.OOO 220.1'1-1 l6b.b6 I 20!l.6?U 31.0~0 23.4'/'o 1.4t>30917 
0.9220053 14!l'>.OOO 220.943 l67.Z30 209.'>2~ 31.174 lJ. '>'I'> 1.462<>815 

0.9223397 14'10.000 221.6ll6 161.7').J 210.4/U ]1.307 l3. 696 1.462270!1 
o. 9226719 1495.000 222.410 1o•t. i56. 211.316 j I .4 1tlJ n. nr 1.461116'>'> 
o. 92 30019 15oo.ooo 223.174 16H.<J20 212.2U 31.514 1"1.8'18 1.4<>14654 
o. 92332 9tl 1505.000 273.91ll 1t>4.41Jj 213.110 31.707 l1.9·H 1.4o107C6 
o. 92 365 56 1510.000 224.<>62 17G .\146 21~.0()7 31.841 24.100 1.4(>06811 

o. 92 397 93 15!5.000 225.406 1711.609 214.9()4 3!. <J 74 74.<'01 1.4<>02967 
o. 92'o30 09 1520.0()0 226.1'>0 111.171 2l'>.BOl j;.>. 1011 24. 302 1.4~'1'11 7 j 
o. 92462 04 152'>.000 226.844 171. lh 216.700 j2. 24 1 l4.41J3 1.45454 30 
o. 92493 79 1530.000 227.638 17l.2'1u 217.59d 32. j 1'> 24. 5•)4 1.4'>'117 j6 
0.9252533 1535.00U 228.362 17L.o61 218.4'16 };>. '>0'1 ?4.ollu 1.45rltJO'J2 

o. 92 5566 7 1540.000 22'1.1?6 1 f) .424 219. 3'1'i "17.64:.1 24.7117 1.4'>81t497 
.o. 92587 !!2 154">.000 229.1169 1 n .9~ 1 220.2'14 ·~z. 77n l4.1ltlil 1. 4 '>ll09't'l 
o. 92618 76 1s·.o. ooo 23D.6U 11'•. ~~IJ 22l.l'IJ 32.'110 ?4.909 J.4S7f41t'l. 
o. 9264951 15';5.000 231.3';-( 175. Jlj 2l2.0'12 H.U•d .1'>.010 1.4'>Ll9'16 
o. 926!1006 1560.000 232.101 17.,.6 7<> 212.9'11 33.177 l'>. Ill 1.4.,705'10 

0.927l043 1565.000 232.!145 17•··23'1 2ll.t191 33.JJ1 1'>.713 1.4!j67229 
o. 92 74060 1570.000 l H.'>t!9 176.tJO/ 224. (·Jt JJ.445 25. 31, 1.45td914 
o. 92 770 58 1~75.000 234.3H 17 7. "lbl·. 225.6'11 J3.!•7q i.. -;.t,} b 1.4'>I>061t4 
o. 921!00 J 7 15uo.uuu 235 •. 077 117 .'12·• 226. s·• 1 B. f 13 1'>.'>11 1.4:'>5/418 
o. 92829'-Jll 1505.00U 235.621 1/~\.4~2' 2/7.491 .H.t147 2j.6lcl 1.4~542H 

o. 9285940 15'10.000 2 3b. 565 I"{';. 05'> 2/H. :~'12 J"lo 'Ill 1 l'i. 7l0 1.4'>'>1100 
o. 92 81:18 64 15'15.000 :.!37.30') 1,.,. .61d 229.2'1) 34. 11 '> 2'J.~.2l 1.4'>4~005 

o. 9291769 1600.000 2 311.0~>3 1tHJ. 181 230.1')) j4. ,49 2'>.'1?3 1.4'>44953 
o. 9294657 1605.000 2 31!.796 11:1';. 744 2Jl.O'J:'> 34. 11!1 26.024 1o4'>4194J 
0.9297527 1610.UOO 2 3'1. 540 181.107 231.9'16 j4. '> 1 7 /1>.1/6 1.453<19"' 

o. 93003 79 1615.000 740.7.1!4 18l.ll70 2:J2.b<IH 3'o.o.,1 Z~>.2;u 1.4">3604H 
o. 93032 13 16;>0.000 241.0211 162.433 233.7'1"1 J4. 71!'; 26.319 1.4'>.1 H 67 
0.9306030 16i!S.OOO 21t1.772 1tl7.9'1o 2"H.7U1 31t.'I2U 26.4 10 1.4':>30317 
o. 930BI!:~o 1630.000 2 1t2.516 1d.I.~')'J 2 35.6\Jj j') e\)')4 2<>.':>3..! 1.4~;> 7511 
o. 9311613 1635.000 243.260 184.122 236.50u .h.1Hb 2t...6J4 1.4'>24745 

0.9314378 1640.000 244.004 11:14.68'> 2,7.401! 3S. 32? :n.n5 1.45220B 
0.9317127 1645.000 244.74ti 1d'>.2411 238.311 :i~J.457 lt>.BH 1.~'>1'1330 

o. 931<Jll59 1650.000 24?.4'12 1H'>.tlll 2l9.21J 3'>.'>'11 26.93'1 1.4'>16679 
o. 93225 74 16'>5.000 246.2Ju too. H'> 240 .• 116 J'>. //.') 2f. 040 1.4~14066 
0.9325273 1660.000 246.91:10 181>.'131l 241.0 I•J y,.ut:o 17.14.! 1.4'>114'13 

0.9327956 1665.000 247.723 ll!T. '>0 1 241.922 j~.-1'14 7 7. 244 1.4~01l'l5b 
o. 9330623 1670.000 24tl.46 7 l1Hl.064 242.H26 36.12!1 17.)4'> 1.450£.456 
o. 9 3332 73 1675.000 24'1.211 18>!.627 24 3. 7:!'1 36. i 63 21.44 I 1.4503991 
O. 9H59C8 16t10.000 249.'1'i, 11!'1.190 244.6H H>o ~97 ~ '. '>49 1.4'>01561 
O.<J338S27 l6i:l5.000 2'>0.699 11l'lo f'j ~ 245.')37 31> •. 5 32 27.6:;1 1.4~n171 

0.9341130 1690.000 251.443 190.316 246.4.41 36. b66 l1. h2 1.449(>814 
0.'134371' 16'15.000 25Z.111l 190.d7'J 247.)4; 3b.ol;t ;n. 8'>4 1.4.4944'11 
o. 9 341>2119 1700.000 2'>2.?31 1'11.442 2411.2~') lb.·Jh 27.'1'>0 1.44'1220j 
o. 934!!846 1705.000 253.675 •~:z.oo:, 24'1.1!>4 j 7. 0 /G ~~.oso 1.44H'l949 
o. 935.U 88 1710.000 2'>4.41'1 1'12.'>611 z :~u. o ">8 J7.lC4 <Hol60 1.44d77l'l 

0.9353915 1715.000 7S">.lb3 19J.1H 250.'1<>3 H.jJ'I lU.262 1.44dS543 
0.9356426 1720.000 2'>'>.'106 1'13.t>'l4 2~>l.t161l l7 ... 7~ 7>3. ·~64 1.44d338') 
0.9358923 17l5.000 256.6'>0 194.257 2'i2.773 3l.bCH 211.4&6 1. 44•ll2 6'i 
O. 9 l614 C6 1730.000 25/.394 1 '14 .Ill! 2'>3.6/11 37. 74 J 28.'>o7 1.44/•1181 
0.'1363873 1735.000 256.138 1 '-~~·. Jti4 2'>4.'>03 Ho!l71! 211. 6(>'l l.44f7llS 



, :'.,;., .. 

-55-

Table A-1 K. E.' Residual Range, and Total Ionization 

of p, 1{ and l..l (continued) 

~ T (MeV ) R(cm) i 

(v/c) p 1{ l..l :p 1{ l..l 
[Me~cm2 ~ 

o. 9 3663 27 1740.00 0 258.882 1~ ~ . 9-47 l'>'>.48'l 38.012 2H • 711 1.441'>101 
o. 9368765 1745.000 2'> ~ .626 19r •• ,1o 256. 3'-l't JA • 14 1 ltl.A/3 . 1.44711011 
0.9371190 1 7~0. 000 260.370 1 ~ 1.073 2'>7.300 31! .282 211.'115 1 • . 44/1146 
o. 9) 73601 1755 .00 0 261. 114 1 ·H.o3o 2':>H • ..10'> JH.411 r J.o/7 1.44h'l21~ 
0J9375997 17t.O.OOO 261.!1~8 19H.l~~ 2'>9.111 3 U .~ 5 1 29 .119 1.446131, 

0.•1378380 1765.000 7 62.602 l9 t~ .l6 2 2t.O.Ot7 .i~.6U6 2 9.2111 1.446'>445 
o. 93130 749 1770. 000 2 63.346 1~1.J2~ 2 6 0. ·-12 .1 J H • dll l. ·1. 'iU J 1.44 1>) 60~ 

o. 9383l 04 177'>.00 0 2 64.090 1'1 ~ .08 () 2 6 1.h.ll) J ·~ . ") ')() 2-J .4o'> 1.44617'1'> 
0.93 85446 1 7& 0.0 0 0 264.!133 2 0u .<t51 2o2. 136 J-1.11 '11 2: ·1. '> U I 1.4'oi>U014 
0.9387774 17<>'>.0 () 0 2 6 ,.517 201. 0 1 4 263.o4l. 3 ·1. 225 L ~ .b 'J U I .4'oS•J 262 

0.9390089 179 0.000 266 •. 321 20 I.'> 7 I 2/.4. 54 '1 3'1. Joo ;> ·}.7 ·1/. 1. 44 5 1>5 .HJ 
o. 9 3923 90 1 7'1'>.000 267.06~ l o ~ .14G 2t.S.4)'> 3q . 49~) l-1.8'14 1.41t 5 484 3 
o. 9)946 79 1800.000 26 L 8 09 202 .103 266.362 j ·l.630 7 -1 . '146' 1.4<t'>ll76 
o. 9396954 1805 . 0 00 268 . S ) 3 2(U . 2 67 2 67 . 2 6 '1 .l •l. In~ 10. 0 ·18 1.44 S I5'J1 
0.939'1216 1810.000 2 69.297 lOI. d 3U 26tl.116 3'1.'1CO HI. :too 1. 4'•4'1'126 

o. 94014 66 1015.000 2 70.041 2_01,. 39 j 21>9.08J 40 .o ·,., 10. JO.l 1.44'on342 
o. 94037 03 1!1 2 0. 000 27 0 .1 8 ~ l0 'o. 9 ) o 2t.'1.990 411. 17C i O. 4u4 1.4446 7H<; 
o. 9405927 18 2 ,.00 0 2 71. '>2 9 20'>. '> 1·< 2/0. o9 H 40 • . IU~ iO.~"iU 7 1.4445255 
0.940tll38 16) 0.000 2 72 .273 2 Ut.. Oill 27l.tHJ:i 4 0 .440 h ) . &t.J 9 1.444J7~2 
.0.9410338 1835.000 27J.OI7 20£...64 :; 2'/2.712 40.~75 10 . 711 1.444£274 

0.9412524 11!40.00 0 2 1J. 71>0 207.20 :> 27 3.620 4llo I 10 ~ 0. 0 1 1 l. 44 1t082 j 
o. 91, 146 9~ 1845 . 000 274.504 2 01.111 274. 5 21 4 U .ri4~ '10. 915 1.4'tl 'l>'1 8 
0.9416861 11l SO.O OO 2 15 . 2 4!1 20 >· . • 3 3'• 215.43 :i 4 0 .'1 ~0 11. Old 1.44 17~~d 
0.941'1011 1855•000 2 1~. ·)92 20H.H 9 7 21n.34:S 41. 11 5 :H.Uo 1.44 3'>1>23 
o. '142114 9 1tlt>O.OUO 276. 7'.l6 20 '•·'•60 217.2'>1 ''I .L'.iO H.nz 1.443'>274 

~ o. 942 '12 16 1865.000 2'17.480 21 11 .023 27tl.l5<J 41 • IU'> H . 324 1.44 1394'1 
o. 94253 90 1870. 0 0 0 27!1.?24 2 1 C .~dt> 27'?.0b1 41. ~ 2(1 II • 4/ 7 1.443264~ 

. 0.91,274'13 11!15.000 27d.91>d 211.14·1 27'1.HS 41.1..55 .i 1.? 4:.'-:1 1.4 4 3 i 3 12 
o. 94H5 84 18 6 0.000 2 79.71.2 211.712 2HO.Ob :l 4 1. 1 .. 1 \l.nH 1.4., 1 01 20 
o. 9431663 18H5.000 2!! 0.456 212.27<• 2 b I. 11J 1 41. •12 6 11. 7 J j 1.44/ ti!H2 

0.9433731 1890.000 £81.200 21..1. 8 39 2U2.7 0 0 4.2.061 H.HJ6 1.4'•2 16dd 
o. 9435 7 tltl 189~.000 211l.'l4.3 213.401. 2 0 3.60H 47. 1'1 6 II • 'Jit! 1.447.6506 
0.9437833 1900.000 21:!2.68 7 2lJ. •)65 2 1! 4.)11 42 .J31 12.040 1.44 25 34 8 
o. 91,3986 7 190'>.000 2 A3.43l .?14. 5 2 <! 2 !15 .42') 42.466 '2-143 l.44742U 
0.9441890 1910. ·000 2H4.175 21 ~ .0') 1 2tJ6. 134 - 42.<>02 i2.245 1.4'·23101 

o. 9443902 1915.000 2114.919 ll'>.t-~4 21l7.24J 47.131. 32.34 I 1.4422010 
O. 94459 OJ 1no.ooo 2 1! 5.663 ~II>. 21 7 2HA.l'>..' 42.87 i \ .12.4j0 1.442U94 3 
0.9447893 1'125. 0 00 7116.407 21 I>. I til) 2o9.06U 41.007 ··z . '>~2 1.441-1 8'1 7 
0.9449t172 1 'HO. OOO 2 117.1'>1 217.343 2t19. 9 o ·) 43.l4l 1 32.6~4 1.441~ 6 74 

0.9451841 1935.000 2~1.119, 217.906 290.tl/ll 43.2 Ill ~7. hI 1.4411 8 72 

0.9453799 1940.000 2tlt1.6B 21 1> .46 -1 2 •11.7ol 4,.413 .l2.tb9 l.4't16 8 9l 
0. 94S5 746 1945.000 2119.383 2l'l.032 2~2.b'lb 43.'>411 '12. '16 1 1.441 59Jl 
o. 91, s 76 83 1950.000 290.127 719.)9> 2'13.606 41. 61l j 33. Oo4 1.44149~2 

0. 94 SQI> 09 l'l55.00 0 2 'JO.H70 2 2u.1, 0 2 4 4.51 ~1 4 '1.tll'l U.1t.6 1.441407~ 
o. 9461525 I960.U00 2 9 1.614 at... 122 2 '1';.42 4 4l. <J j4 3.\.2b 'l lo'o4lll7R 

o. 94634 31 19o5.UOO 2'J2.3Stl 221.2!!'> 2'lh. 333 "'-. OH-1 11.'111 1.4412302 
0.9465326 1970.0UO 2'13. 102 7.21.tl4U' 2'17.24 '1 4'•-~25 ,1.47:1 1.4411445 
0.9467212 1975.00 0 2 9 3.tl46 2 n .411 2 'lti .I~J. 4!, • ~6U J3. 5 16 1.441060·1 
o. 94 690 t\7 1~~o.o oo 2 ·)4.590 <'22.')7~ 2'1'1.062 44.49~ n.o7t! 1.440'17'12 
o. 94 10952 l4 ~ S.OOO 2'1 5 . 334 223.~37 2 <i 9_.'J7 l 44. 6J 1 3 j. 7 ~ l 1.440<!9 ~6 

o. ~4 728 C6 19'10.000 296 ; 07tl 224.10\l 3 CJ O.H!II 44. lb6 ,3.HH3 1.440r121 •J 
o., 9~o 746 53 199 '>.000 2 '16.822 224.66j 3 <) I. 7•11 4 '• . '10 I j 3 . 'l t<6 1.4401461 
0.' 94 7&4 ~9 7000.000 '1 9 7.566 22 '•.2.26 3U2. luO 45.037 ~ 4.0litl I .4406 77.2 
o; 94 78 3 1, 2ooo;.oo o 2'18 . 3\U 2 £ ~ . 78'1 30 3.610 4'>.172 3'•• l -.J O 1.4't0h00.: 
a,~ 94 eo1 32 2010.0 00 .l '1 9 .0S4 · 22o.J5 2 3U4.S.l0 1,5. 3'o 7 '14.2 ·11 1. 440'>3<;[ 

i 
! 
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Table A-l K. E.' Residual Range,, and Total Ionization 

of p, 1( and iJ. (continued) 

13 T (MeV) R(c~) i 

(v/c) [Me~~cm2J p 1( iJ. p 1t iJ. 

0.9'ttll939 2015.00ll 29·1.7'17 226. •Jl ~ 305.430 45.44 -~ '1 ... j ')? 1.4•.u461tl 
0.9't83736 20:?0.00 0 300 .~41 ll/.4/d :wo. 340 ~'t:;. ':i 7t1 14.4 ·03 1.44039~4 

o. 9485~24 2025.000 301.2d~ 2.2<1.041 307. 2'>0 45. 113 34.b00 1. 4411 BO~ 
0.9487303 20 '!0. Q(J[) 302 .02~ 2211.<:>04 30 11. 1 ~ I 4';.ti4~ 'j4. '(<; j 1.4 1•02bd 
o. 94890 7 2 2035.000 J02.f1J 22 '1.1b7 jQ9.06 ·) 4~.'104 34.80~ 1.4 .. 02071 

o. 94 908 32 2040.000 103.517 Zl ·•. 731 1ll'l. '1oo 't6.UO ·14 .'iu~ 1. 44Li14 f9 
o. 94925 83 2045.000 304.261 2JI'. 2'1 .. JIO.IJ~l) '•6 .2:>" !~.010 l.4400'1C~ 

0.949432~ 20?0.000 305.005 l JC.tl~ f 311.t!OO 46.J<:iC J '>. 11 3 l.4'o0034o 
o. 94%0">8 20'i5.000 3 0 5.74'1 ZH.420 3l2. 71() 46.526 J~.ll'i I. 4 l4 '180<J 
0.94917<!1 2060.000 306.493 . .231.98) 31J.62•l 46,661 ·~- 3 18 1.4l'l920'> 

o. 94994 96 2065.0ull )07.237 Zl2.'>46 314.5l0 46.7'17 3~.420 l.4Yid7 f'-1 
o. 95012 02 2070. 000 )07.'1HO 23.>.104 315.440 46, 'J3 2 ·' ~). ~£ J I, 4 l 'IH2 ·II 
0.9502900 20f 5 . 000 30t:l.724 23<.672 3!6. 3'> L 47.U6H Vi.6?., L. 4 1·1781 •J 
o. 9 5045 88 ZObO.OOO 309.4613 2 3'· .l )'> 3l7.2td 47.2C3 b. 7%tl 1.4 ~97 362 
0.'1506268 2oeo;.ooo ll0.2lL 234./ ')d 318. I fl 47.331! ~ ~). ti j 0 1.4 .1469<' j 

0.9507939 2090.000 310. 9 5b l3~.J61 3L'I.\JII2 4'1. 4 74 l'>.·lH 1.43'16500 
0.9509602 2095.000 311.700 23'>. •)24 31'1.9'.12 47.609 J6.03:i 1. 43'l60 'J.l 
0,95ll2 56 2100.0Li:J 312.444 Z3l>,4tl I 320. 'JU J 47.14"> J6, 1 JH l.4.l'l:i7C1 
0.95129a2 2105.000 313 .188 nr.o5u 3/1.81 l 4/,t;HC 11>.24() 1.431~32~ 

o. 95145 39 2110.000 313.93£ 23'1.613 322.7£3 46.o1o ~h • . Ft3 1.43-14966 

o. 9516168 2115.000 314.676 2 lb. 1 7 ' 323.634 48,151 36.445 1.43'14621 
0.9517789 2120.000 315.420 2.lt:.740 324.544 48.20( 16.'>48 1.4.194292 
0,9519402 2125. 000 316.164 23'1.30~ 32'>.4~'> 4H.422 36.6~·0 1.43'13978 
o. 95210a6 2130.000 316.907 23'1.81>6 326.365 48.55tl 31>. /'>3 1.43'13679 
o. 9 5226 a3 2l'l5.000 317.6'>1 241; .429 327.2f6 41l.6'l3 36.H'>6 1.4 3'1339~ 

0.9524191 2140.000 318. 3'15 240.99l 378.1t:l7 4H.t!29 3fl.q~J8 1.43'1312'> 
0.9525771 2145.000 319.139 241.~5'> 329.0H 48.964 37.061 1.43'12871 
0.952f344 21'>0.000 H9.FIHJ 24~. 11\J 3J0.00tl 4'1,099 37. lb l 1.43'126 31 
b. '15289 Of! 2155.000 37.0.627 24/..6(;1 330.918 4'l.2J~ H.266 1.419240'> 
o. 95304 65 2160.000 321. 3fl 243.244 331.82 '~ 49.370 3f. 3ot:l 1.43'121'13 

0.9B2014 2165.000 322.11, 24J.HO/ JJ2.T40 4'1.'>C6 H.471 1.4 .1'11996 
o. 95335 55 2170.000 .322.t!5'1 244.37o 3.l3.6~ll 49,64] H.'>7.l 1. 4 3'l18 13 
o. 953508') 217~.000 323.603 244,9.13 334.561 4'1. 777 37.676 1. 43'1 1643 
o. 9 536615 21t:lO.OUO 324.34/ 24'>.49b 335.4 72 49.912 37.77t! 1.43'1148' 
0.9538133 2lt:l5.000 125.0'11 246.05 '1 336.3t!7. ~0.04~ J7.8t!1 1.4391345 

o. 9539644 2190.000 325.834 24o.623 3.17.293 ~0. I 8l .H.'I84 1.4391216 
0.9541148 21'l5.000 326.578 247.1tl6 3J8.204 '>0.319 Jtl. O<l6 1.43'11100 
o. 9 542644 2200.000 327,322 24f.f4'l 339.114 ~0.454 : Jt:l. 1 tl'l 1 .4l9099J 
o. 95441 32 2205.00 0 378.06 6 24t.Jll 340.0£'> ~0.':><;\) 3H,2-<1 1.439090'1 
0.9545614 2210.000 32tl.d10 24u.87:> 340.9)6 '>0. 7 2'> ; 3H.3~4 1.43'>08H 

o. 9547087 2215.000 J29.554 24 '1,438 3 1d.H47 :;o. H61 3ti.4'16 1.4390771 
o. '15485 54 22£0.000 B0.2'1t:l 25(:.00 1 342. 7'>7 so. '1 '16 .Hl. ~ ·~q 1.4.l'lU720 
0.9550014 2225.000 331.04l 2~0.~o't 341.668 '>1.l3l 3H.7d2 1.4i'l06Bl 
o. 9551467 2230.000 331. 7£>6 251. 12 7 344.571 ')1./.67 j~.8 04 1.4.l'I06S / 
o. 9552912 22J5.ooo 332.530 251.690 34">.4'1LI :'>1.401 .l~.90f 1.43'1()64'> 

a. 95543 50 2240.000 33:! .274 251.2~J 346,400 'j 1. '> ., 0 :1'1. 00') I. 4 1~ll6't'> 
a. 95557 t:1Z 2245.000 334.017 ZS2.tllo 34f.311 ., 1. b f4 )'> .II Z 1.~o:s•,oo~7 

a.95~'7206 2.?.~0. 000 )}<,. 71>1 ;t') ~. j 7'1 346.£22 !i l . t1 (.; ·~ 3''• ;>I <t I·" 3'1061l1 
a.9558624 l2S5. OOC 3'J~.S~') 2'> J.94l ~49, UJ :01.'14~ .,"!, 31 7 1.43'107!1 
0,9560035 7260.000 336.249 25 1t. 50~ 3'>0.043 52.0b0 1'1,419 1.4H076'> 

J 
o. 9'5614 3 8 ZZ6'>.00U 336,993 2~'>.06H 3'>0,9'>4 52.ll6 ~'1.5i'2 1.4Jqos's 
0.9562836 2270.000 )3/.737 2~'>.632 3'>1.tl6'> ~2.351 l4,(d~ 1.4J'I0896 
o. 95642 26 2275.00(1 338.4t:l1 256. 1'1'> 3~2.7/S ~l.4tl7 '3 11. 721 1.4J·J0980 
o.;9s6~6 1 o 22tJO.O OO J39 .22S 25o.7~>J 3~>3.6bt. ~~-622 '1'1. t< 10 1. 4 .1'' 10 74 
o. 9 5669 8 7 2285.000 3H.-J69 2'>'. J21 3'J4, ">'17 '>2. 758 l'1,932 l.43ql1!11 
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Table A-1 K. E.' Residual :Range, and Total Ionization 

of p, n and·f.l. (continued) 

~ T (MeV). R(cm) i 

(v/c) p 1t f.l. p n f.l. 
[Me~cm2J 

o. 9%63,7 .22<iO.OOO i40.713 25h664• 3)5.508 57.11-H 4o.o:~s 1.43'112'18 
0.9569722 22YS.OOO 341.45( 25tl.44/ 3'>1>.41<1 SJ.ul9 40.1.17 1.43'11421> 
0.9,71079 2300.000 342.201 25'i .010. 3~7~3.1'1 ~,.164 1•U.240 1.439151>6 
o. 95 724 30. 2305.000 342.'il44 2'>'l~SB 3'>8.240 ,,.3CliJ 41)~342 1.4 Hl.71 6 
0.95731.74 231o.oco 343.6!!8 260 ~ 131> 3·~,9. 1 ~>0 '>.l. 4 35 '•0.4 1+i 1.4j9J6 70 

o. 9575113 2315.000 . 3.44 .432. 26U.6'N 3C:.O.Otd 53.'>71 4tl. 54H 1.43'120'>1 ~ 

0.957b41t, 2320.000 3~t5.176 lbt·.zt.z 360.972 53. 106, 40. b''tO 1.43'J22H 
o. 95 777 70 2325.000 345.920 161.82:; 361.t!H2 5~.84? 4U. hJ 1o4J'l2427 
0.9579090 73JO.OOO 346.664 2t>l. ~IHi .362.7'11 '>~o'l/1 4lj. t1 j') !.4H2tdl 
0. 95804 OJ 2H';.OOO ' 347.408 26£.951 "363. 70 I, 54.113 40.95!1 1.43-l2846 

o. 9581710 2H·o. ooo 348.152 263.Sl4 31>4.614 54. 24.8 41.060 1. 4 3'130 1l. 
0.9583010 .2345.000 348 •. 896 264•071! 365.525 '>4 •. 1~4 41.11>3 1.4;1'13306 

0.9584305 73'>0.000 J49.640 21> ... 641 31!>1>.435 ,, ... s I 'I 41.2o5 1.4393551 

O• 95855 93 2355.000 .E>0.384 .16'>.204 . 31>7.346 54.6';'> 41.31>tl 1.4N380f 

o. 95868 76 2360.000 151~12!1 265.76f 31>8.251> · '>4. f<JO 41.4 70 1.43940 72 

.0. 95881 53 2365.000 ·3<;1.671 21>1.J.HO 36'1.11>1 54~ ·l2h 41.573 1o4V-14347 

o. 95894 23 2370.000 352.1>15 266 •. 1!9j 370.077 '>>;.Obl 41. b 76 1.43?4632 

o. 95'l06 t!ll 2375.000 3<;3.359 267.456 3fO.?tltl 55.197 41.716 1.4-~'14926 

0.9591947 23t!O.OOO ·3.54.103 26~<.01"1 371.1:!98 '>'>~332 4l.t1H1 1.4J'I'>2 32 

o. 95'132 00 2385.000 3 54.64 7 to•<. 582 372.809 5';.461! 41.983 1.439'>.546 

o. 95941t4 7. 23.90.000. 
.. 
355.591 .2b'i, 14·'> 313.11? 55.60.1 1tl. 081> 1.43'7'-!670 

o. 9.5956 68 23 . .,5~000 3'>6.33~ l69.70!1 . 374.!>)\) '>'>.i~l:l 42.1111:1 l.4Hb202 

l o. 9596924 2400.000 :151,079 27t1.l.1l 31'">. 540 ·:..r;. d74 '•2~291 1.4 .,.,6545 

\: 0. 95'l8154 2405.000 357.!123 :no.<J34 J"f6.45•) Sb.CO~ 4l,3H t-43'16696 

o. 95993 78 2410.000 358.567 211. 19 7 3f7.3b1 '>1>.14'i '•2 .4'Jb 1.439725.7 

' .I 
·~ o. 96005 9 7 .241S.OOO 359.Hl 211.960 37A.271 56.2dC 42.'>'18 1. 43'17627 

0.9601810 2420~000 360.0~4 l1l.524· 3f'l.lt11 <;6.416 4l..701 1. 4 J9t!00J 

o. 96030 18 2425.000 360. 798 213.081 3110.0"11 ~h. ~,51 42.U03 l.43'1t13'l2 

o. 9604220 2430.000 Jbl.542 273,650 381~002 '>h.bllT 1t2. 406 1.43•lUZH9 

0.9605416 24}5.000 362.2&1> l74.2li 361.91l '>1>.>122 43.008 1. 4 J-1'11 '14 

o. 9601>6 0 7 21t40.000 J6l.030 274.716 . 382.8.12 ,l>.'l5.7 1d. Ill 1.4.H'I60B 

o. 96017 'l3 24 1•'>-000 31>3. 174 27'>.JH 31!3.U2 '.)7.0<1) 1d.21J 1.4't00031 

'o. 91>08973 24!>0.000 31>4.511:! 27'>.'107. 3114.642 57. 221:! ,-~. H6 1. 440041:2 

0.9610l4t! 24!>'>.000 36S.262 27.t.~4b'> 3il5.552 5f.364 41.1tl!l t.44U0901 

0.9611318 2460.0C.:(l 366.006 277.020 3tll>o41J3 ')7.4'19 4J.~2l 1. 440 l :14·1 

o. 96124112 246'>.000 3M. 750 .117. 5'11 307.:H3 !> 7.63'o· 'd. 62 3 1.44018U6 

0.9613641 2470.000 367.494 ,271).1~4 ·3f<!l.2113 H.f7C 41. 1Lb lo 44ll.12 7U 

0.96147'l<; 2475.000- 368.231! 21Ho1lf 3h9.1•13 ,7.?05; '• '• u.li:J f.440274l 

0.9615943 241:lO.OUO 31>6.'11:!1 27'1.280 390.10) 511.041 43.911 1.4403221 

0.9617087 248 '>.000 )6'1.725 2 7'1.1:l4 3 J<,~l.Oll 58.176 44.0H 1.44llHU 

o. 96182 25 2490.000 370.46'1 ltl0.40n 3'11.927 '>n. HI 44. !Jb 1.440420'1 

0.961?358 24'15.000 371.;213 2!11). 'II>''·, 3<12.11.12 5~.447 ,,4.-2Jd 1.4404714 

o. 96204 81> 7500.000 .171.9'">7 21:ll.'>H 393.142 5A.5ijl 44.340 1.440'>226 

o. 9621609 2505.0()0 372.701 2tU.o·n 3"14.6;;> ,>l.fl7 44.4'·~ 1.441l'>74o 

0.9622727 ·2!>10.000 3.H.445 ll:l/.6'>.'1 3"1'>.,62 ::Oii.!IH 44.S45 1.4401>274 

o.-96b840 25.15. 000 374. lll9. 2tl3.ZU 3'11-." 71 '>ll•'*atl 44.6411 1.4401>1!10 

o. 9~24'l49 2520.000 314.'133 2tl'j• 7d'> 3'i '. 3 til ,1.12~ 44.7~0 1.44073'>·1 

o. 9l>26052 2525.000 375.671 7.114. j4>J 3;JH.2-11 5'1.25'1 1,4 • H'J} 1. 44o no4 

o. 9:6271 so 25JO.UOO 376.421 :t'84 .·lll 1'H • .Iv•J '>'1.3<14 44.9~'1 1.4.401:llt62 

o. 9'628243 2535.000 317.165 "2H!I•4r4 4uO,IIO. .,.1., 30 4'>. c.;~,e 1.440'1027 

o.iJ629332 2540.000 n7.'10tl l~i.>oOH 401.020 !>'1;,66S. 4'h 1!'>0 t.44ll-l600 

0.;9630416 254'>.00:> 378.6'>2 l6h.b0ll 401.'12•.1 )'I, <JCO 4~~21>.1 1.44101~0 

0.'96314 95 2'>'>0.000 379~ 396 2117.161 402.83'1 !><l.'13S ... 5.;30'> 1.4410767 

0~ 9632569 25'>5.000 31.\0.140 ·l.tl7.12o .4(J 3. 74il ,,) .011 4:> •. 41:,( 1.441131>.2 

0~9633639 2560.000 3HO.!lll4 2tW.2tH 404.6~7 60.706 4, .. ~ 70 1.4411 'll>3 
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Table A-1 K. E.' Residual Range, and Total Ionization 

of p, 1( and ~ (continued) . 

t3 T (MeV) R(cm) i •. 

(v/c) p ir ~ p 1( ~ 
[Me~cm2J 

0.9634703 256~.000 3fl1~.626· 2au.a5i 't05.567 bO.J't1 
'·"· 612 

1.44125 7t 
0.9635764 2570.00() 362.312 2tO.~t15 406.47b 60.4, 1 ""· ,., 1.4io131~7 

o. 9636619 2575.000 363.116 213'1. 'I 7·1 .4ll7.; ~~~') t>Oob 1·2 4 '· ij f7 1• 4/o 1360·1 
0.9637870 25dO.OOO 3!l3.1l60 2~1J.')42 40A.2'Pj 60.147 4~ • .., 1'1 1.44144.!8 
0.9638911> 2'>1l5.000 . 3114.604 .. 291.>10'> 4ui;o.204 1>0.1183 4b.C82 1.4415074 

0.963'19':18 ·25·10.000 :l65 .346 2YI.6bil 410.11J 61.016 46.11)4 1.4415711 
o. 96409'l6 2595.000 36b.09l 2·n.nt 411.0/2 61.153 'o<>.2db 1.4'o1b36'> 
0.9642026 2600.000 386.835 2'12.794 411.931 6l • .l81l '•h· 3~9 1.4'o170l2 
0.9643057 2605.000 397.579 2'n.357 412.840 .1>1.424 46.4'11 1.4411684 
0.91>44060 2610.000 . 388.323 29l.'l20 41'1. 7/o'l 61.'>'>9 41>. 5'J4 1.41,1u3,3 

0.9645100 2615.0vO ltl9.0b7 l'14.'o83 'o14.;658 6·1.6'1/o lob.t'lb 1.4't19078 
0.964611'> 2620.000 IU'l.llll 2'1S.046 415.5«>7 6 1.ll2'1 4b. 7'18 1. 4/o 1 '1710 
0.964712'> 262i.OOO .J'-10.555 2'b .60'/ 416./o 76 .bl. ~b'> 46.901 1.4420397 
Q.96.r,81 32 2630.000 )91.299 2?6. 1 72 417.385 b2. 1 co 47.003 1.4421092 
0.9649134 '21>35.000 392.043 29<>.'13'> 418.2'14 1>2.235 4 7. 105 1.4421792 

0.91>501 H 21>40.000 'I'll. 71;17 2'17.293 419.20.1 1>2.310 41.208 1.442249d 
o. 91>51125 21>4'>.000 393.531 .2~/.Hbl 420.lll 62.5C5 47.310 1.442 3211 
o. 9 6521 14 2650.000 J94.275 2'11>.42~ 471.02\l 1>2.641 lo1.412 1. 4/o?. 39 30 
o. 91>5309'1 21>55.000 3'15.01!1 . .298.'181\. 421.929 b7.116 47.'>15 1.4424655 
0.9654079 21>60•000 395.71>2 2'1'1 • .,., 1 422.831 b2.H.t 4·/.1>1/ 1.442'>3t16 

o. 9655056 2b65. 000 396.501> 300.114 423. 14b ld.046 4/.719 1.4426123 
0.91>56028 2610.000 397.250 300 .b 11 4.24.654 (>). 1 H 1 to1.1lll 1. 44768(>') 
0.96'>699(, 2675.000 397~9\14 Jut.24o 42~.56.} 63· •. :111> 47.924 1.4427613 
o. 9657961 Z6ilO.OOO 398.·738 .lOI.rlOJ 426.471 63.4)2 4H. 026 1 •. 44211367 
0.9658920 261l5.ooo H9.41l2' 30l.36b 427.319 b"4.51.1 .4U.1711 1.442'1121 . ' 
0.9659877 26'10.00Q 400.221> JO.l.?29 42A.21li! 1>3. 122 411.231 1.442"18\12 
o. 91>60828 2695.000 400.970 . '303.4'12' 4l9.1'l6 b"I.I!H 4A.1H 1.4't 30663 
0~ 961>1 776 2700.000 401.714 30'• .055 4lO.l04 I>J.\192 4tl.4J'> 1.4431440 
0.9662720 2705.000 402.4513 304.618 4H.012 1>4.127 48.'>36 1.4432222 
o. 96b36b0 2710.000 403.2l)2 JU'>.181 4Jl.920· b4.262 '•B· bltO 1o4't.B009 

o. 96645 9b . .?71 5. 000 403~945 30'>.744 4'12.1l2il .b4. J\!1 4d. 71o2 1.443380?. 
o. 96b552il 2720.000 404.68'1 306.307 4H.736 64.'>33 '•8.844 1.4434601 
o. 961>64')6 272').000 40S.4H 30o.d7o 4J4.t.44 64.66H 4t1.'14 7 1.443'>404 
.o. 961>73 81 27 }0. ouo 401>.177 J01.4J4 43'>.5'>2 64.1!CJ 49.049 1.4436213 
o. 96683 01 2735.000 406.'121 307.991 431>.4(,1) 6 1•.":13d 49.lj1 1.4'o37027 

o. 96692 18 2740.000 407.61>5 301).'>60 437.3t.CI 65~071 49.2'>J 1.44 3784/ 
0.9670131 2745.000 406.'t09 309.121 438.275. b5. 2u·a 4'1o 3'>6 1.4436671 
o. 96 71040 2 no. ooo 409.153 .. 30'1.61!6 439.183 b5.3B 4'1.458 !.44H'>01 
o. 96 71945 275'>.000 40_9.697 J1lJ.24'1 4't0.0'11 b5.471l ~o'l.'>60 1. 4.4403 35 

o. 96 728 .. 6 271>0.000 410.1>41 HO.·t112 440.9911 6'>.613 49.1>62 1.4441175 

o. 9673144 2765.000 411.38, 311. HS 441.901> b5. fltll. 4'1. 764 1. 4442020 
0.96746 38 2770.000 412.128 Jl1.'138 442.813 b5.8tl3 4\I.HbT 1.4'o4296.9 
o. 96 75528. 277!>. 000 412.t172 . 312.501 443.721 6i..016 49.9(,9 1.4441724 
0.9671>415 2780.000 413.616 313.064. 444.628 61>.153 50.071 1.4'o445H3 
0~ 96 772 98 2785.000 414.360 3U.b21 445. !>35 66.288 '>0 .173 1.4'o45441 

o. 96 79l7t 2790.000 415.104 314.190 lt46.441 6b.42J '>0.2/5 1.4446316 
0.9679053 2795.000 415.B't8 314.751 •44 7.350 bb.5Sil so~ H7 1.444 7190 
o. 96 79925 2800.000 416.592 J1 '>.316 441l.2S7 ot..b93 50./oi!O 1.444801>8 
o. '161!07 94 21l05.000 417.336 H'>.llllO .449.lb4 bl>ot!26 '>0.'>82 1~4448951 
o. 96;8lb 59 2810.00ll 418.060 J16.44J 450.011 61\.'lb)· '>0.684 1.444963\1 

o. 96825 20 2815.000 418.824 317.006 450.\178 b 1. 0 ~il ~o. 786 1.4450Hl 
o. 9,6833 71! 28lO.OOO 41'1.568 317.569 451.811'> b1.2H ~u. a·tHI 1.44516211 
0 •. 96842 H 282').000 420.312 3111.132 452.7'12 b1.J61l -..0.9'10 1.44':>25lq 
0.966~084 28JO.Oil0 421.0% H>l.t>9'5 453•b9'.J 6i.'>CJ '>1.0'12 1.4453434 
o. 91>85932 2835.000 421.79'1 . 319.2S~ 4'>4.60'> bf..bH· '> 1.1 ~4 1. 44'>4344 
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Table 

f3 

(v/~) 

0.9686776 
o. 9687616 
o. 96884 54 
O. 96892 Bd 
0.9690118 

0.9690945 
0.969171>9 
o. 91>92!> 90 
o. '16934 07 
o. 96942 z 1 

o. 9695032 
0. 969S840 
o. 9696644 
o. 9697445 
o. 969!!243 

o. 96990 31:1 
0.969982-J 
o. 9700618 
0.9701403 
0.9702185 

o. 97029651 
0.9703741 
0~ 9704514 
0.'97052 !14 
o. 9706051 

o. 9701>8151 
o. 9 7075 7b 
o. 9 7083 34 
o. 9 7090 89 
O. 97C9841 

o. 97105 90 
0.9711336 
O. 97120t!O 
0.9712820 
o. 9713!> 58 

0.9714293 
0.9715025 
o. 9 715 754 
o. 9 7164 ec 
O. 9 7172 Cit 

o.97lt924 
o. 9718642 
0.9.719351 
o. 9720010 
o. 9 7207 80. 

O.Yf2141l7 
0 •. 972?.191 

. 0.97228'13 
0~9723592 
.0~ 97242 88 

o. 97249 82 
o. 9 72'>6.13 
o. 9 7 263 b 1 
o. 9 72704 7 
0.9727730 

A-1 K. 

p 

2840.000 
284S~OOO 

28'>0.000 
Zt!55.0UU 
2aoo.ouo 

2865.000 . 
2870.000 
2875;.0()0 
28110.~000 
2.885.000 

28'10.000 
2895.000 
2900.000 
290'>.000 
2910.000 

2915.000 
7920.00C 
?.'12~. o0u 
29JO.OOu 
29.iS.OilO 

2940.000 
2945.001) 
2'1~0.000 

2955.000 
Z9bO.OOU 

296'>.000 
2910.000 
2975.000 
291lO.ouu 
2"Jt!,.OUO 

2990.000 
2'195.00.0 
3000.0()0 
30U5I.Oup 
3010.0\lO 

301'>.000 
30/.0.0QIJ 
3025. ouo 
·~o 30. OuO 
30:15.000 

3·01tO.OOO 
3045.000 
30~o.ouu 
3055.000 
3060.000 

)()(!~. 0•)1) 
307u.ouu 
307'>;. 000 
30130~000 

30il'>.0<)0 

3091l.OCO 
30?5.0~)0 

31oo.ooo 
11 oo;. uotl 
3110.000 

.,.;59~ 

E •' Residual Range, and Total· Ionization 

.of p,. 1t and J.l (continUed) 

T (MeV) R(cm) i 

1t J.l p 1t J.l 
[MeV-cm

2J 
gm . 

422.543 )}'io821 4'>~.512 •.67.712 ~1.197 1.44'>!>259 
423.287 32(;.31:14 456.4.19 bJ.'JU7 ~~ •• 3"19 1.44'.>1>1711 
424.0H 3Zi;. 9·47 4S7.·ns od.U4<' ~· 1. '>01 1.4457100 
... 24. 7h 32f.'>.10 4'>!!.232 6·0.111 '>1~1>\)3 !.44'>1:!02H 
4?5.519 32l.OH .. 4!>'1 0 1311 . 611 •. :\12 ·u .• 7C5 1.44'.>09'>9 

426.263 i22.63i> 460.04) t:.ll .• 447 ~Jl • tiO 7 1.44596'1'> 
427.d07 323.19'1 460.951 61i.'>tl2 '>1.909 1e4<t6083'> 
427. n 1 . )lj. 767 41>1.1:!~1 1>8. llb '>2. 0 11 1.44617h 
428.495 )24.32:> 462.704 bRell'>l .,,. 113 1.4462727 
429.2.~9 lZ4.tsl3·1· 4t>3.b70 613.9d6 ':>2.21'> 1.441d6 1'1 

429.91l2 325 .A 52 404.5 76 b'l. 121 '>2-llf 1.4464635 
430.726 326.01~ 4·f.,~.4H2 6'1.~56 52.41<1 1.441>'>59'> 
431.470. 32ti.?71! 466.3dH 6-1 •. 391 '>Z • '>.!1 f.446(>55'J 
432.21'• ~27.141 41:.7.2'14 b'). '>2'> '>2.6<3 1.446752f 
43Z.95i1 321.704 4t>t!.ZOO o9.66C '>2.12'> 1.446849~ 

433.702 3Zii.Zbl 469.1Ui> 69.i'15. ~.l.t>Z 1 r. 44hQ4 1s 
434.441> 3lt' .83u 470.011 o9.Y)U •,2. qi•-J 1.44704~4 

435.190 i/.'ld9l 410.917 70 ~·0(:4 :.3.031 1.44114Jil 
43?.934 32 .... '156 47t.tln 1.0.199 •,J.IJJ t.t,4724<') 
4:16.67tl 33o .• S1>~ 1,72.7Zd 70 •. H4 '>3.2H 1.441341~; 

4 37.422 J.!l.Otil 473.634 10.46'1 ~.}.3i7 1.4474410 
438.16'> 331.64'> 474.SJ'I 70.603 ~3.4~'1 1.44 7540S 
4313.90~ 332 •20<i .41.,.44':1 1o.nd ~ 3 • ~4 I 1.4476410 
439.6~),. H/ .• 711 · 4l6.350 70. tl73 :d.b4.1 1.44/741~ 

·440. ~97 333 • .H>; 477.2~i') .fl.007 )J.74~ 1.44184/4 

441.141 ·n l.tJ9•J 478.11>0 /1.142 '>.i.n47 1. 44/9436 
441.66, 334 .4(, I 4 79 .• 065 71.277 '> 1. '14"1 1.441lC452 
.442.62-1 335.024 . 4'19~910 71.411 ~4.0;,1 1.441!1472 
443,373 33~-.5~1 41:50.6/~ 71.546. 'Jit.J5J 1.44112494 
444·. 117 Bt).l5\l 4111.7d0 7lel>d 1 •,4.2'?'> 1. 441:!JS2u 

444.861 3Ja.lll 4b2 .btl'> 71.dl~ ~4 •. "i.'' 7 1.44H45'>0 
445.60) 331.271> 4ts3.59U 11. 'l':iC 'J4.o4"J_'I 1. "'•o .,.,,n 
446.349 B7.uJ'> 4H4 .4·:i~ 72.Utl5 ~.4.'>h0 1. 44<1661'1 
447.o·n 33<1.402 4t15.39-J 77~21~ '>4e6U2 1. 4'•h 76~tS 
447.836 H~.96'> 41:16 .• 304 IZ .35'• 54.764 1.44tlti7CI 

41t8.5d0 H·i.'>2·1 4ti1.20~ 72.4Htl· ~·4-~~b 1.44tl9747 
449.324 340.091 4HB.113 72 .623; j~t.'16ts 1.44"U7Yo 
4~0.0otl J41J. 6·~, 4b?.Oio 77.757 ~J..,: (J 70 1.44'JI84il 
450.81.2 341.117 _4(<9.9/l U.89l ""· I II. l.lt492904 
4'>1.'>'>6 341. 7131 it'IO.ts<'b ·H.u27 ~,•,.Z73 1.44919t3 

452.300 34/. }44 4'11. 7.i0 B.1o1 ">'>.3('> . 1.449:>024 
453.044 ..14~.90( ·4'12. oJt• 13.l'ib s.,.4r7 1.44960119 
it'>3. 7<111 l43 .470 4•13. '>H n.4~0 '>'>4'>1'1 1. """ 11' I 
4'>4.'>3/. ·~H.u33 ·4'14 .• 44 3 ll.':>t::~ .~J·j.601 1.44'1tl221l. 
itS5.276 3io4.596 . . ·4 '15. lit 7 l.i.b'i'l ~'>.1dl 1.44'1<l302 

45b.ol., .\it!•. 1 !}.; lo'16o2'l1J n.,;!4 ~··· """ 1.4~003/d 
4SI>.7b"J i4··~ 722. 4'11.1'>4 11. ·ltn1 , ...... ":lts6 1.4'>014~'1 

457.507 l4<>. ltl'> 4'10.0Sf< 74. I cz 0,6.011!1 l.4~02541 

4'><1.2'>1 34t, .. 6.41; 4~8.9_6~' 14 • .!37 rJ6e l..,U. 1.4'>0 1627 
4'>11. -1'1, 141.411 ·4·1~.00~ 14·. ·n 1 ·.t..;>·•l l.lt~i0471:> 

r,~·r. n'l l<o7.'H<t '>OO.Ib~ ."14.5Cb. >be3.13 l.lt5058C6 
4b0.4!!3 34~:.537 501.672 74 .1>4(; '>b.4'1~ 1.4,069UC 
4nl.U7 34'~.10U !>0.? .• '> 16 14 .. I I'> ;h. '>:J1 1.4'><119'17 
41>1.911 34'1. 66.1 ·.·. 5(JJ.47'l. 74.•109 '>l>.bltl 1.450-JO'Io 
462.715 35t. .au ··51l4.3UZ 7~.()1t3 ~~b. eCJo 1.4'>101·~·) 
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Table A-1 K. E.' Residual 

of p, 1i and ~ 

t3 T (MeV) 

(v/c) p 1i ~ 

o. 97204 ll 3115.000 463.459 3SO. 790 
o. 9729089 3120.000 464.202 JSI. i'> t 
0.9729765 Jll5.0(1(1 464.946 351.916 
o. 91304 3!! 3130.000 46'> .6'10 i~L.47·.~ 

O. 9 7311 Cd 3135.000 41>6.434 J'>J.042 

o. 97317 76 3140.000 4t.1.17tl i'> !.60~ 
0.'1732442 314S.ouo 467.922 jj4.1b>l 
o. 91331 C5 l1~0.000 46d.66o 3'>4. 131 
0.9733765 .HS5.0u0 46·1.410 i'>'>.l'14 
0.9731t424 3160.000 470.1'j4 35':..!!5/ 

o.9H507'1 ll65.0i.JO 470.A9d 356.4l•J 
0.9735732 H 70.000 471.642 356.'1!!) 
0.97363113 3175.000 4 12.31<6 3'>1.'>46 
o. '17310 ,, 3180.000 473.12'1 J>H.10'-I 
0.97376711 311:1'>.000 413.873 3511.672 

0.9738321 3190~000 474.617 35'•. 2 36 
o. 9136962 31'~5. 000 4 7'>. 361 35•J. 7'1~ 
o. 97396 c 1 3200.000 476.105 361l.362 
o. 97402 38 3205.00(' 4 76. tl49 360.'12:• 
o. 97408 7Z 3210.000 477.'>9"J 'J61,4SU 

0.971tl5C4 3215.000 lt71.!.337 :!62 .U'> l 
0.9742133 32?0. OuO 4 79. 0~ I 367..614 
o. 9742760 32l5.00C 4H,&25 .!6.1 .ill 
o. 971t33 85 3230.00(' 4&0. %9 36.1.14\J 
o. 9744008 32JS.OCO 41:11.312 364.30! 

o. 97446211 3240.000 482.056 364.866 
0.9745246 321t5,000 4HZ.IlOO 't.•J.42'.J 
o. 9745862 3250.000 483.'>44 36'>.99? 
o. 97464 76 3.2'>5. 000 484.288 361>.55'> 
o. 974701!7 3260.000 41:15.032 l67.1ltl 

o. 9747696 3265.000 485. 176 'l67 .681 
o. 97483 03 3210.000 466.520 361!.245 
o. 971t89 08 3275.000 487.264 36>1.801:1 
0.9749510 3280.000 408.006 }6" .3 71 
o. 9750111 3265.000 4111:1.752 36'•.'13'; 

0.9750709 3Z-l0,000 4!19 .496 J7U.497 
o. 97513 05 3295.000 490.23'1 J7l.Ob0 
o. 975189'1 3300.000 490.983 371.623 
0.9752491 3305.000 491.727 372.11!6 
o. 97530 80 3310.000 492.471 377..74'1 

o. 97536611 3315.000 493.215 313.312 
0.'1754253 3370.000 493.'159 373.1!7~ 
0.9754837 3325.000 494.703 374.431! 
0.9755418 3330.000 4'15.447 31'>.001 
0.9155997 3335.000 496.191 37'>.564 

o. 9T565 11o 3340.000 1,96.'135 37t..121 
o. 975711,9 3345.000 4'17.67'1 Hno6~l 
0.'1757722 :nso.ooo 496.423 377.254 
o. •h58293 33'>5.000 4<19.166 371.1117 
o. 9 758862 3360.000 lt9'1.910 37il.Jau 

ol9759429 3365,000 500.654 318.943 
0~975'1994 3370.000 501.398 3'/'1, 'JOI, 
o. 97605 s 7 3315.000 502.142 JllC..06<.J 
0.9761118 33<10.000 5UZ.t:tt:l6 JllC..63;J 
p. 9 7616 71 3385.000 503.630 38l.l9S 

Range, and Total Ionization 

(continued) 

R(cm) i 

p 1i ~ 
[Me~cm2} 

SC.5.lH6 7•j. 1 7!! r,6, '10/ t.4:H 1304 
.'Jl:l>o 169 I'>. :H 7 '>7.Cll3 1.4'>12411 
sc1.on .,.,. 4,. 7 ~ 1. 1 0'> lo4'JIJ52l 
'>01.9)'} /';. '>b 1 "'· 2u 1 1.4514bi4 
'>Otl.89U 1'>. 11:, -.1. i•J8 1.4':>1~7'>0 

'>09.800 1~.1.!~0 '>7.410 lo4'>.1 1>86H 
510. 70~ /r• • "ttts4 ~· , • !'t ll. 1. 4'>1 1913'1 
'>11.6vi> 7n, 1 ia '>7.613 1.4'>1<1112 
'> 12.'>0'1 l'>.l'>2 ., 7. 71, t. 4 ':>102 .lll 
513.411 76.Jn :,f.tH 1 t.4'>ll)66 

., 14.314 n.'>ll .. , • <Jill t. 4'>/l4'l1 
5!5.216 76.655 •tH. 0~0 1.452J6JO 
516.11~ 16.1~C 'ici.lU 1.45?4766 
st 1 .o;n 

'"· 124 
:od.2/i 1. 4 52 5904 

517.'123 11. cl'>H ':>t\.3£':> 1.4'>21044 

'>UJ.C2'> 11. I Sl '>1].476 lo4'>21Jl67 
51'1.7n 11. 'll6 ~.r;.~ld 1.4529317 
5~0.62'1 11.461 '>tl.h~U t.4'>J0480 
5n.~.lt 11.'>'1'> :o(j, I Jl 1.45!16J·u 
'>U.4H 17. 72'1 ~O.fiH 1. 4 :H.l762 

'>23.JI'> 77 .did '>8.<.Jl4 1.4'>31936 
574.217 17.-1'17 ::.·o~.o :tb 1.4515092 
5.2'>.13d IH. 132 ~'l.1H 1.4~l62'>1 

5~6.040' 7•J. 26h •,').ll'l 1.4531411 
'>lh.'l·.t 18. 40G ~·"~· 140 t.4'>'l8'> I~ 

'>77.843 It!, 5 34 'i'l.442 1olt'>3'1741 
528.744 70.b6H '>9.543 1.1t540908 
'>29.64') /11.1!07 'Y.61t5 1.4542018 
5.!0.547 /0.9 3t: ~9. /46 1.4~43249 
53l.lt4U 7'1.070 '>'1. 1:148 t.4':>441t2J 

532.34'1 79.201t '>9o94o'l 1.4545599 
5H.2'>0 ,.,.Be 60.051 1olt546 717 
5J4.l'>l 79.472 60. 1 '>2 1.4547956 
535.052 H.606 60.2'>4 1.4'>4913/:S 
535.952 7'1• 7:41 60.3'>5 1. 4 ~so 32 3 

536.853 19.1!75 n0.4S7 t.lt'>'>l50tl 
537.754 110.009 60.'>'>!! 1.4552696 
538.6'>4 80.143 60.6'>9 l.45S3886 
53'1. 55~; tl0.276 60 • . 1o 1 1.45'>'>077 
540.4'>'> 80.410 60.862 1.4':>'>6211 

541.3'>6 I:I0.51t4 60o'lblt 1.4'>'>!467 
542.2'>6 !!0.678 61.065 1.4558663 
54.3. 156 110.812 61.166 1.4559862 
544.056 IIO.'IIt6 b1.26B 1.1t561064 
544.9'>6 111.080 61.369 1o4562266 

545.856 81.214 c.l.47l lo45n3471 
'.>46./'>t> 1:11. 34~ 61oS7.i! 1. 4%46., 
547.656 81.487 61.673 1.4~658~5 

548.5~6 &1.1>16 h lo 774 1.1t567094 
549.4!>S tll./50 61.1176 1.4!>68306 

550. 35.~ 1!1.1!83 61.977 1.451>9520 
5'>1.254 82.017 62.0/8 1.4;70734 
5!12.1'>4 HZ • 151 62.180 1.4';7 1 9'>1 
5!13~0!>3 !!2.21!5 blo2b1 1.4':>13lt9 
553.952 112.419 62 .3<!2 1.4574369 

!~. 

I . 



-61-

Table A-1 K. E.' Residual Range, and Total Ionization· 

of p, rc and J.1. (cont:l.nued) 

t3 T(MeV) R(cm) i ~ 

(v/c) 
p rc J.1. p rc J.1. 

[Me~cm2J 
o. 971>22 )It 33')0,000 50lt,374 381, HO 5~lt.6~2 112.552 h2.~8lt 1.4575611 
0.971>2789 33'15.000 !>05.1111 3d.l.321 5'>5,7!>1 lll.bll6 62.51!~ 1.1t57b8H 
o. 971>3342 3400.000 ,05.1!62 - 3112. 66 1• 5'>6.t>~O t12.t120 1,2.btlb 1.4'>71!057 
0.97638'13 3405.000 506.606 3!13.44 7 557.54'1 t12.954 62,7H7 1.451928lt 
o. 9764443 3410.000 507.349 361t,010 556.4lt6 &3.011"/ ·62.888 1.lt~80512 

0.97M990 3415.ooo· 508,093 384.H3 559.3lt7 !13.221 6l.•NO 1.4,1ll71t1 
o. 97655 35 3420.000 508 .1!37 385~137 560.245 tH,J55 b3. 091 1.4'>t1297J 

o. 9 7660 79 3425.000 509.581 385.700 561.14lt 83.lt89 63.192 1.lt~81t20'i 

o. 9766620 3430.000 510.325 386.263 562.0lt3 d,;622 63.293 1.~585lt3tl 

o. 9767160 3435.000 511.069 31lt>.82b 562.941 d3.7~6 t>3.39'> 1. 451l66/4 

o. 97676 98 3440.000 511.613 .387.38'1 563.640 81.690 63.496 i.45117911 
0.9 76112 34 3445.000 512.5'>7 381.952 564.738 tl4. 02 3 63.5'17 1.4589149 

o. 9768768 34'>0.000 513.301 381!.51'> ~65.63b 1!4.1'>7 t>3.6'1tl 1.45')0389 
o.9769300 3lt'>~.ooo 514.045 38'>.07tl 566.535 84.291 63,799 1.4591630 
o. 9769831 3460.000 514.789 389.641 567.433 1:14.'+24 63.900 1.45'12812 

0.97703')9 3465.000 515.5:33 "l9o.204 ,h8.33l 1!4.5511 64.001 1.45'14116 

o. 9 7708 66 3470.000 '>16.276 39u.767 5t.'I.U'I i:i'• .691 1>4.103 1.4'>'1'>361 

0.9771411 3475.000 51/.020 ,.,. •• no 'j/0.12/ H4,112S u4.204 1.45'l6601l 

o. 9 7719 34 34d0. 000 '>17.764 3~1.d'H '>11.02') !14.'15'1 u'•·· 3u5 1.45'1765/ 

o. 9172455 34d5.000 518.506 3'12.45& 57l.'IU 11'>.0'17 b4~40b l.45'l'l106 

0.977297'> )4'10.000 51'1.252 39J,01'1 572,620 8'>.221) &4. :>07 l •. ltb00357 
0.'1773493 •)495. 000 5!9,9'1& 3'1 i. '>113 5B. 7ld 115 •. 15'1 (,4,6Ud 1.4!>0160'1 

0.977400'1 3500.000 520. 740 J94.l'tb 574.!>15 d'>.<o'l3 b4. /0'} 1.4602662 

o. 9714523 3505.-ooo '>:?1.4114 391t. 10'1 'H'i.~11 t!S,626 l.t4,Hl0 1.460411/ 

0.971,035 3510.000 52l. 228 39'>.272 516,410 ti~.1bC (,it,'lll 1.4b0'>372 

0.977,546 3515.000 522.•H2 3')~.83'> 577.307 ij5. ts9 3 ,,.,.012 1.4606630 

o. 9 7 760'>5 3520.000 523.716 396.398 '>78 • .205 di>,Ol7 65. 11) 1.460(6118 

o. '17765 62 35<'5.000 '>24.460 396,'161 579,1(;;> 81't,l6U ~.5.214 1.4uO'Il48 

o. 9 77706d 3530.000 '>lS.203 39f,S24 579.99'~ llh.i!'l4 n'>.H'> 1.461040'} 

o. 97775 71 -~535.000 S25.'147 J'ltl.UO/ '>80.896 1:1!>.427 (>~.416 1.4ull61l .. /:·: 

0.9778073 35'+0.000 S?h.6'11 J'IH,650 SAl. 7'13 116.561 <>'>.'>17 1.4t>129"14 

o. 977tl'>"' 3545.000 S27.43:i YH,Zl.l 51l2,u'IO 1:16.6'14 6'>.618 1.4ul'•199 

0,9779072 JSSO,OOU 528.17'1 39'1.776 '>1>3.5116 o6.t!211 , o'>. 11-l 1.4b 1'>465 

o. 97795 69 3555.000 528.'123 400. 33-J 5tl4,'t8J ~6. ·}61 .. .,.1120 1.4616731 

o. 9780065 3560.000 'H9. 66 7 ~00.'102 511'>. 380 117.0~4 .\6~. 'Ill 1.4617999 
.\ 

1. 4t>l•/26t! o. 97805 56 3565,000 530.411 401.46, 5!i6.2fli d7.228 'n6.022 
o. 9781050 3570.000 53l.b'> 402.0211 5H.7,113 ts7.J61 66,1l3 t.46205JiS 

o. 9781540 357S.OUO '> 31. 89'1 40L.592 5b8,0il'l 87.4'15 66.04 1.4o21810 

o. '171!2029 3560.000 ., 32.64 3 403.1S~ 5ri8,'1n'> Ill ,6211 l>lld2'> 1o4bl"i0B7. 

0.9782516 351!5.000 533.31!6 40:1. 71tl '>8'1.862 tll.761 61>,426 1. 4624 3 .,, 
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Appendix II Energy Spectra of K~3 and T 1 

The energy spectra of K 
3 

and T 1 have been studied by other research 
~ . 

groups21-23. More than one form has been proposed for each spectrum 

under different hypotheses of interaction natrix elements. The energy 

spectra which we have chosen and normalized to unity for the analyses 

carried out in Chapters II and III are those having the best experi­

mental support22 ' 23. The normalized spectra are reproduced in Figs. 

A-421 , 22 and A-523 as a handy reference. 

In order to check the effect of uncertainties in these spectra 

on our results, several varied energy spectra for T 1 and K~3 have 

been generated respectively by varying the related parameter within 

its error range23 ~nd by using our measured ratio K~3/Ke3 . The effect 

has 'been found negligible. 

' i 
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Appendix III Positrons in the Experiment 

In this appendix we shall elaborate: the evaluation of two impor-

tant q_uanti ties .. related to the positrons in this experiment . One 

. . ·+ .. 
is the mean blob density of the e tracks.· of Ke

3 
events, and the other . 

± . 
is the number of e tracks.produced around the scan volume in the stack. 

. . . 
. . + · .. ·. 

(a) Mean Blob Density of the e Traclcs of Ke
3 

Events: The rela-

tive efficiency for finding a Ke
3 

was defined in Chapter III by Eq. 

(3-12): 

. B 
= ·f max 

B i ·. mn 

r 1.- m(B25 - B) J. : dB (3-12) 

. which can be siniplified by normalizing : to unity into the following 

form 

= 1 - mB25 J
Bmax 

+. 
. B 

min 

where m is to be determined. · 
i 

To evaluate the integral contained in the ·above equation, we might·. 

first think of the technique indicated i~ Eq. (3-19). However, this 
\ · •. . · dN 

technique is not applicable although the.e?ergy spectrum """'dT'for the 

Ke
3 

is.known
21

'
22

. The reason for this is that th~ positron range is 

poorlyde:f'ined13 .onan individual basis because of radiative loss of 

energy. In other words, the ·quantity · ··~~ cannot be easily defined. as 

in the case/of rc or 1J. (Le. by measuring·both the range of. a track and 

its blob d~nsity at its origin and by use of a range-:energycurve such 

as shown ih Fig. A-2) . For this ~eason we have to resort to a purely 

empirical, method. 

d.N . 
By the definition of·~ dB (See Chapter III), wei can interpret 
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the integral as follows: 

B dN dB= B (Mean blob density for thee+ tracks 
dB of the Ke

3 
events) 

The value of B can be determined by measuring the blob density at 

K+ decay point of each e + track for all Ke
3 

events and taking the 

average of the measurements. As the result of our blob counting for 

the Ke
3 

events, we have obtained 

or 

B f max 

B . m:J..n 

B 
dN 
dB dB- 17.81 

whe:r;e an approximation is made because not all Ke
3 

the sample have been observed. 

(A-3) 

~. 

events contained irl.;· .-

By substituting Eq. (A-3) and the value of B
25 

(i.e. 38.64 blobs/fdo~) 
into Eq. (3-12), we obtain Eq. (3-20) which relates €e

3 
tom in a simpl~ 

way. 

(b) 
+ 

Average Ratio between e- and (~ + ~) Tracks around the Scan 

Volume: . + ± As the f:J..nal products of all decay modes of K meson are e 
. . + 

and v, it i.s essential to know the spatial distribution of the e ~ 

tracks in order to evaluate the·number of possible errors in the first 

track follqwing. Although the analysis carried out below is a rough 

approximation, it proves to be useful in the quick evaluation performed 

in Chapter III. 

± 
( i ) Mean Energy, Mean Free Path for the y and e in Different 

Decay Modes: From the energy spectra of different decay modes, we 

.) 
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21 24 0 are able to list the mean energy ' of the ~ and the related mean 

energy for 1 and for the pair production in Table A-2. 

Table A-2 
14 Mean Energy, Mean Free Path and Approxi-

13 ! i ± 
mate Range of r and e 

' 

E or E (MeV) X
1

( em). R (em) 
:Decay Mode 

e 
(Mean Energy) (Mean Free (Approxi-

Path of r) mate Range 

0 
e± I _::_j ~ r 

0 I I KIJ.3 ~ 1.1 rc v I ' t 

l2r 220 110 55 5.04 4.6 

44e 

0 I I 

Ke3 
'' 

I 
~ e ~ v 240 120 60 5.01 I 4.9 4 4e -

I ', 
! I 

: I 

K 
+ 0 l 

~ ~ ~ " I rc2 L 4 4e 
'· 

+ + 245 123 ., 62 5.00 '4 ·9 I 
1.1 ---+ e l I + 0 0 'r ·, 

~ ~ ~ ~ 

J c::Be -35-~ __.18/ --9/ ~b u--·· --..... 
3, c/ I /Jt; s f3 tl;.... r;. 70 

pv ~ 
± + ,kl Number of e Tracks Produced per 100 K Mesons at Dif:t'erent R: ~-n . (ii) 

As the scan volume is small compared with yhe whole stack, it can be 
... · ... 

considered a point source _of' all secondaries. Then the total number 

+ of the e- tracks produced from all the modes at a distance R' from 

.. , the scan volume can be expressed by: 

! ' 

- .·.-·· 

, .... 
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r' -r' 
+ (from be ) 

J (A-4) 

± Hence the increment of the e track between R' and R' + dR' can be 

+ 
calculated by taking (dn /dR')dR'. 

e 
Since all the e- tracks cannot 

I' 
travel indefinitely without annihilation or absorption in emulsion, 

we have to make corrections for this effect. For simplicity, let us 

suppose all 
± 

e tracks produced from all the modes had a single 

range of 4.5 em. ± Then we obtain the total number of e tracks at 

different R as 

dR' (A-5) 

where 
~~ { 1 at~< R' + 4.5 em 

R) = ,-. 
J 0 at R > R' + 4.5 em 

(A-6) 

After performing the numerical integration of (A-5) we obtain 

N {R) as a function of R, which is plott_ed in Fig. A-6. e . 

(iii) + + ' Number of n and ~ Tracks at Different R' from All Modes: 

By neglecting the small contribution due to 'I' and -r', we can estimate 

N
11

(R) from K112 by considering the fact that a n track with 23 blobs/ 

1001-1 or of a residual range "' 4.3 em (i.e. 1.5 minimum ionization) 

+ 
could not be mistaken for an e- track of minimum ionization. In other 

words, we would include an .track from K~ for only 7·7 em. We thus 

obtain 

.r 
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N"(R) = r~ H[ 7·7- R J = 19.3 H[ 7•7- R J (A-7) 

--·{1 at R. < 7·7 em, 
.where H[ 7·7 - R J 

0 at R 2: 7·7 em. 
(A-8) 

For the spacial distribution of 1-L tracks, we consider tha.t all 1-L 

tracks either from KI-L2 or KI-L
3

·couldbe mistaken within a distance of 

+ 
12.5 em for e-. We may thus write down NI-L(R) as 

N (R) = r' + r'
3 

= 61.8 + 5.4 = 67.2 (A-9) 
1-L !-L2. 1-L . . 

The distributions N and N are plo_tted in Fig. A~6 .. 
1l . 1-L 

(iv) Average Ratio Between N and (N + N ): From Fig. A-6 we 
e 1l . 1-L 

can evaluate the average ratio between N and (N + M ) over a distance 
. e " 1-L 

from R 0 to R = 12.5 em. The results lead to 

. i 

N (R) 
~-...::e:__ ____ dR 

[N (R) + N (R)] 
1t . 1-L 

-------------- 36% 

I 

' 

12.5 em 

fo dR 

(A-10)·· 



.-70-

80 

70 

-a:: 
~~40 
z 

30 

10 

o~--~--~--~--~--~~--~~~~~--~~~~~~~~ 
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 I 1.0 12.0 

R (em) 

Fig. A-6 
+ 

No. of n, f.1 and e- Produced Around Scan Volume 
as Functions of Distance from the Volume. 
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Appendix IV n-Decays in Flight 

The possible number of n-decays in flight among Kn2 events in 

this experiment is evaluated here. The result shows that we may 

expect 2 or 3 n-decays in flight. Since none of these decays in flight 

have been observed among our 134 Kn2 even~s, some of them may have been 

mistaken for KI-L
3 

and some included in the lost or out of stack events. 

Because of the negligible effect of this number on our branching ratios, 

no particular effort was needed to search for such events. The evalu-

ation is described below as a reference. 

Let Nd.f. =No. of n 1 s decaying in flight in a total of Nn2 events. 

By definition, N can be related to N«2 by the following equation: 
d.f. " 

N N (1 - t/r)· 
d.f. = ·n2 - e (A-ll) 

where Nn2 =No. of Kn2 (includes both n decaying at rest and in flight) 

m 
t ~ ~ 2.84 x 10-9 sec (Moderation time for a 108.6 MeV n from 

m. 
p 

arid 

-r. = 2-55 X 

K -25 .. :: . 
n2J . · 

-8 ( . +).26 10 sec Life time of n · 
,... 

By approximating Nn2 - 134, we obtain 

N d.f • 
,... 4 ( -0.0166) = 13 1 - e ' = (A-12) 
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