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BRANCHING RATIOS IN K+ MESON DECAY

Poh-shien Young

Lawrence Radlation Laboratory
University of California
Berkeley, California

September 15, 1965

ABSTRACT

A comprehensive study of the branching ratios in K+ meson decay
has been carried out by reviewing previous work and perfbrming a new
experiment. For this research a beam of lO6 K+ mesons was brought to_
resﬁ in a volume of lh_cc within a large stack of nuclear research
emuﬁsion at the Lawrence Radiation Léboratory, Berkeley. The stack
was designed so that the seéondaries of the longest range could be.
followed to rest 1f the directions of their emission lié_within certaiﬁ
cones.  Some T00 K& decays for which each secondary was emittéd in the
selected cones were chosen as the_sample fqr the experiment. The
principal method for identifying‘the secondaries was following the
track to rest, thus avoiding_many sources of systematlic error. Ionization
measureﬁents were used fo resolve ambiguities. The overall efficiéncy
for finding events was found to be higher than 95% and the relatiye
efficiencies for the various modes were evaluated.

The cérrected branching ratios for the KHE’ K“3,'Kﬁ2, T,.T?, and
K . were found to be 61.8 £ 2.9, 5.4 # 0.9, 19.3 + 1.6; 6.0 £ 0.4,

e3
2.3 * 0.6, and 5.3 * 0.9 respectively.

<o



Y

<y

- ?

- -

Chapter I Introduction

. : . . 4
The branching ratios among different decay modes of K meson have

been measured several times in the past dozen years by different research
3-6

groups either using the xenon bubble chamberl’2 or nuclear emulsion .

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 experiméntal conditions. The discrepancy

between the KuE/KﬂQ ratio obtained by means of the bubble .chamber 1,2

3,k

has appeared so consis-

T

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

and some of the early emulsion measurements

We have carried out our measurement of the branching ratios with'
nuclear research emulsion and improved technigues. ‘Track following
waslemployed on a scale never before undertaken. -The'stack.size was
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 iﬁtroduced.

The detailed description of the experiment will be presented in
the éubsequent two chapters. It is appropriéte to review here some of -
the previous experiments.

The various decay modes of K+ meson were consldered to bYe different
species'by earlier researchers8 who employed cosmic radiation as & source
of heavy mésoné and Wilson chambefs or emuision plates as detectors.

Only in 1955 with the.advent of the intense K+ beams artificially‘pro-
3,9

duced in the Bevatron was the mass of these "different” mesons

found to be the same. In addition to this, the mean lifetimes of the
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mesons were found to be equal . The identity of a K meson having
various decay modes was thus established. This naturally led, in
principle, to the concluslon 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 .

frequencies of the major modes. However, the magnitude of individual
branching ratios varied from one experiment té another. This Qariation
could be attributed to the choice of a pariicular sample size and to
the method of identifying secondaries. In reviewing previous work,
theéé two factors should be considered of prime iﬁportance.

Our review will start with the two experiments performed sepafately
in Berkeley by the Birge Group3 and Alexander et al]..LL since they have
v beeq referredl’e’_7 to as the most precise‘emulsion'data4for the K+
branching ratios. A study of Birge's experiment indicates thatitheir
sample size was moderéfe becauée only 149 KHE and 77 an were found for
the major modes. Furthermore, different batches of samples weré used
fo find different decay modes and the overall efficiency for detecting
a X secondary was 85%. Track following, the most direct method, was
employed in identifying 97 eveﬁts,while blof counting at the K+ decay -
point was used to determine 185 events. Blob.counting is aavantageous
because it is far less time consumipg thaﬁ track following. However,

this advantage is outweighed by statistical and systematié efrors.

First of all, the observed blob density distributions of X
3,9

u2 and KH3

overlap the KTt distribution . This causes ambiguities when one

2

tries to distinguish between events for which the measured blob

"densities of the secondaries lies within the overlapping regiohs.

<

I
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Secondlyj the statistical error involved in blbb counting generally
makes it difficult to define é precise residual range (or energy ) by
blob density alone [See Fig. A-EJ. Thirdly, the blob denéity may vary
with pellicle depths, with pellicles, or with both. Thevresults of
such variations could be serious in Birge's experiﬁent even with a
careful calibration because of the fact that the different batches of
their stg¢k were processed at different times and in some cases were
made‘up.froh different mgnufacturer's batches of emulsion.

§In Aiexander's‘experimenth; both the sﬁack and thp sample slze

weré largér, but the identification method was based almost entireLy.

on blob counts and scattering measurements, In thelr method, which

is similar to the ionization measurement employed in our experiment

[See Section 3, Chapter II], the blob density B and the scattering
angle (in terms of pBc) were measured on two selected segments of a
track. The resultant six parameters Bl’ Ba, plBlc, paﬁec, AB, and

A(pBe) were used to identify the track. Sihce more information can be

- deduced from the combined measurements than blob counting alone, this

. method reduces ambiguiﬁies in some cases. -However, there remain the

statistical and systematic errors which meke this method still far less
clear cut than the track following. The scanning efficlencles in

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

. “experiment: ~100% for 1 and 85% for lightly ionizing tracks.

The next two éxperiﬁents to be reviewed were performed in Berkeley
by Roe et al.l and Shaklee et al.2 by use of.the.BO cm diemeter xenon
bubble chamber. Since faster scanning can be performed with bubble

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

to éelecﬁ larger samples (which accordingly reduced the statistical

430N

5\.;\\:..;-’&
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fluctuations on their branching ratios): 6300 K+ mesons for Roe and
10,500 for Shaklee. In Roe's experimentl, 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 no into electron pairs’' and the ease of recognition

of eleetrons. Consequently X can be separated from the other modes

2
; ' +

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

Kug.event has a singly charged non-electron secondary and no eIectron

pairs. However, this very advantage introduces ambiguities between

K“3, 7', and K These amblgultles would be removed if track following

72’
were applicable.' Nevertheless, this was not possible since the 24 cm
range of the n+ from Kn2 is too_great for it to be followed through
in a chamber of 15-cm radius. In addition, the u eecondary from a nf
decay at rest has a range of only 1.3 mm and hence cannot be reliaﬁly
identified. [In standard emulsion, the characteristic p range is 600u
which can be easily recognized under a micrescope]. Under such con-"
ditions, 'Roe et al. used a kinematic test -to separate Kﬂ2 from other
modés. ;Because of measurement errors and multiple scattering of the
secendai§ it wes found® fhat a true two-gamma Kﬂ2 did not have a lOO%
probablllty of passing the test while some of the K 03’ 3, and T' events
passed the test. The average scann%ng eff1c1enc1es in Roe's experiment
were (85 * 2)% for electron pairs and (89 * 2.5)% for electron recog-
niﬂion. . | .

According fo Shaklee et‘al.,2 one of the motivations2 for their
experimeﬁt was the fact that some of the pfevioes experimental values
of%the $¥enching ratios were‘in disagreemeht by an amount significantly

more than the errors assigned. Their experiment was regarded as in-

c*,
¢
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dependent of Roe's experiment because a different sample of film-and
a significantly different method of analy5152 were employed. Their
resulté support fairly well Roe's results with the exception of the
Kng/Ku3 ratiosef The disagfeement was believed2 to be due to a
systematic error in Roe's calculation of the probability that a Kﬂe_
would pass the K , kinematical test. In Shaklee's analysis,. the’
kinematical test was also used but with bias cdrrections based on the
Monte Carlo Calculations. The probability for Kﬁe,'KH3, K, or T' to
pass the’teét,(given that precisely two gammas convert in the chémber)

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 fate'for Kﬁ2 [See Table 3-5, Chapter III]._ Our experimental
rat;os of K“3 and Kﬂ2
We Qre thus inclined to believe that the loss of some true Kﬂé eVents

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

pensated for by some K or 1' events which passed the test. As

K
w3’ “e3 o
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 T' being mistaken for Ke was found to be (7 * 2)%,

- Te3
- 7' ambiguity.) b. The Ku2

(This introduced the so-called Ke3

branching rétio was not measured directly but evaluated by. subtracting

from unityfthe sum of the ratios measured for the other-decay modes . :
(Because off the propagation and accumulation of errors involved in

measuring;individual decay, the indirect evaluation of;a major mode

like K leaves large room for error.) ' :

e .

Based on the review of the previous experiments, the current

agree better with Roe's observation than Shaklee's.

4o



6.
nmeasurement of the K% branching ratios has beeﬁ.so designed as -to
satisfy two purposes: large sample size and clear-cut_track ideptifi;
cation. As:described in Section 3,, Chapter II, a large stack and three
appropriate conesihave been chosen in order fo-make it possible, in
principle, to follow through the charged secondaries ofvall decay modes
to their-endings. The volume of comes cohstituﬁes 19% of the whole
stack volume [See Table 2-1]. Thus no more than 19% 6: the,Kf decays
contained in rhe 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. B& virtue of refinements made oﬁ the bevatron
‘during the period between 1956 and l963, the proton beam intensity was
increased a hundredfold. We thus obtained about 4000 K decays w1th1n
a scan volume of ~ 0.13 cm3 in a 30—hour exposure period. Out of the
hOO? K decays some TOO were selected according to the cone crlterlon.
Although a much larger scan volume (and thus a larger sample of K _decays)
could have been extracted from the stack, se 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-secondarieslcould 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 greaé as those associated with indirect methods.” Therefore,
special anaiyses were devised to correct for these errors, and range- -
ionization;measurements were introduced as a sﬁpplemeﬁtary-mefhod to
ideﬁtify'ﬁracks. _The best available eaergy spectrabof1Kg3 and T'»have
been employed in the'resolution of the KM events and the calculation of

relativeéefficiencies [See Chapters II and III,.and Appendix 11]. In '

<*

-
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ordef to check the effect on our results of uncertainties in these .
sﬁectra,.several va:ied spectra have been generated and‘the effect has.
‘been found to be negligible. |

Generally speaking, the results of the curfent e%perimént agree
better with bubble chamber data than with early emulsion measu?emgnts.
We may, therefore, cdnclude that no basic discrepaﬁcy should eiist in
the b:anching ratios regardless whether‘bubble chamber or emulsionbis
used to perform an gxperimentr |

" The whole experiment with analyéis is presentgd in two subsequent
;chapters.b In Chapter II, experimental procedures, such as the scanning
of the events, and the identification of secondaries, are described,
Also included inlthe Chapter are the treatments for the difficult events-v
and: the determination of the overall efficiency for.the expériment. At
the:beginning.of Chépter I1TI, the dbserved branching ratios are cal-
culated. Scanning bias and possible errors in track following are,then
discussed. This leads to the determination of the corrected branchiﬁg
ratibs.A‘The results are compared with the data cited and with some ‘
théorefical predictibns.; |

Detailed éélculations and referehge curves aﬁe 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 1I Experimental Prbcedure

‘The experiment consists of four major parts: 1) Exposure of the
D-stack, 2) Scanning for K-mesons, 3) Identification of decay modes, ‘
.h). Determination of scanning efficiency. These steps are described in

some detail in the subsequent four sections.

Section 1 Exposure and Processing of the D-stack

Thé D—stack contains 250 Ilford K-5 emulsion péllicles, eaéh 600
 thick and ‘9" x 14" in area. The size of the stack was chosen so that a
beam of K+ mesons with a»momentum of 130 MeV/c would comé to rest and
décay in the middle of the stack, and so that all the secondaries‘n#,

i u+ or e+ within certain cones could be followed froﬁ K% decay point to
terﬁination.

i The exposuré of the stack to the K+ mes§n beam took place in May
1963, at the Bevatron of the Lavrence Radiation Laboratory in Berkeley.
Shown in Figs. 2-1 and 2-2 are a photograph of the D-stack and a diagr;m
"of the expoéufe arrangement, respectively. Fig. 2-2 is a schemafic
diagram in which the relative positions, but nof the sizes, of the
various components are shown. The stack was,placed so that the:K+ beam
was perpendicular to the surface éf the pellicles and entered from the
top of the stack (i.é. Plate'Noa D-250). The exposure area was about
5.3 em x 2.5 cm, and approximately 10 K+ mesons were admitted during
‘an  exposure period'of 30 hours.

Immediately after exposure, £he pellicles were séparated and
underwent the standard processes of grid printing, develbping, and
fixing. The grid printing provided the x-y coordinates of incident

+ :
particles. The majority of the K dJdecays were found to have occurred
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Fig. 2-1 The D- Stack
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in 20 plates, i.e. in plates D-l26.ta DflMS inclusive. Therefore we may
. . ) + N
estimate that the lO6 incoming X mesons stopped in an appropriately

3

located volume of 1Lk em”.

Section 2 Scanning Technique
Great care has been exercised in the scanning work since it is

extremely important in any branching fatio experiment. Before,startihg

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

suitable sample size, ii) Possibility of following various secondaries

- to réét.

Each scanner was given written instructions which were .carefully

3-prépared and contained all necessary details as fo how to find the K}

mesons and how to record the events. As the first step in scanning,
eve;y stopping track which entered the emulsion from the upper hemisphere
waséreéordedbduring the first_area scan evén if, at that time, there

was no secondary found associated wifh it. Any event whose priméry 
looked like avpossible K+ but with no secondary found in fhe first scan:
was iabeled NojVisibié-Secéndary or "N.V.S." events (to be discussed in
detail in Section L of this chéptér); Suéh.events have been searched

repeatedly for secondaries by different scanners, some of them‘haVing

undergone up to seven rescans.

K .,
W2’ u3’
stop in the stack unless they are emitted into certain cones, three

Since secondaries of the decay modes K and Kne may not

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

fications are listed in Table 2-1 and seébndary»rangés are listed in

Table 2-2.

<o
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Table 2-1 Specification of Cones

, * .
Cones ¢ tan 8 . Purposes '
- (Goniometer) (Dip) -
' A1l secondaries
: o of K ., K _, K
o) 0 » u2? Tu3’ e
A -24.57 < 0 < 19.5 -0.361 < tan & £ 0.290 | oan be .followed
to rest ‘
‘ Secondaries of
Av 1 -41.5° <0 < 31.5° ~0.614 < tan & < 047k | K_, can be fol-
° o ' | lowed to rest
B 148.57 < ¢ < 221.5 ' : :

* Projected angles seen in microscope

; ' o o+
Table 2-2 Ranges of Secondaries of Non-rare Decay Modes of K

b
Y.
|

'Décay Modes Q Tor T, . Ror R (cm)
' (MeV) (K.E. in MeV) (Range in standard emulfion)
88. . ’
K“2 38 ; _ 152.5 oL
K“3 253.1 134.1 18‘.
0 | 219.2 108.6‘ 12 |
T . - 75.0 " 48.1 3.5
T! 8s.2 53.2 in
K 8 | *
e3 358.3 227.9 12

* Elecfron,range is poorly defined 13 on individuai basis  because of.

- radiative energy loss.

®
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_CdneiA'was defined so that all secondaries lying wiﬁﬁinlthis
cone could be.followed up to 23 em which is'greater than»the-rahge of thé

secondary.of KM2 aqd thus greater than thé secondary range of any decay'

mode. In order to supplement Cone A, Cone A! and<Conevawére'added

" shortly after séanning hadrstarted; Any secondary lying within Cone A!

or Coné B could be followed at least up to 14 cm which is greater than'
the rangebof the secondary‘of Kﬁe.- Althbugh Kue'anq Ku3 secondaries .
lying ﬁithin»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 Qf the known Ku matrix element and the observed number

3

of Ku3 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 thét are observable if the

secéndary is directed towards the nearby surface. Thus, another

' ' ‘ . +
criterion for a selected event was that the incident K particles mus

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

R
4

There were two types of record used for the scanning: scanner's
notes and keysort cards.  The scannef's notes Werq recorded directly
on grid reproduction sheets_(seé Fig. 2-3). By specific notations,
all the visible information about e_very.K+ mésén found in the area was

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

-locatioﬁ of each possible stopping K+, depth of the track ending (i.e.

whether within, or not within,.the‘middle two-thirds of the pellicle
depth); thé humber'of‘secbndaries-seen;(ifé; whether a l-prong, 3—prong
or 0 prpng eveht), a visual estimate of éécondary ionization (i.e.
whether.near minimum or abové minimum), and the goniom%ter qnglg forA

each l-prong event. If a keysort card was made for the event, this



~1b-

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 keysoft card in order to provide a permanent record of the‘event.
These c}iterié were:
1. K+ decay vertex must lie within middle two-thirds of the
o pellicle depth. | |
2,IVSecondary must lie within Cone A' or Cpne B.
Thé first criterion was reqﬁired for all stopping K+ mesons with one or
thiee pyéngs found at the decay point, while the second was required only
fég eveﬁ%s with one near-minimum secondar;. A sketch of the event was |
made and the goniometer and dip ahgles of the secéndaries were recorded

3

on the keysort card.

_—
Section 3 Identification of KX 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 differehtiate

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

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

decay at rest has é characteristic range of about 600 microns before it
comés to rest and decays into an electronland‘neUtrinos. It is possible
fdr positrons to disappear through annihila@ion in flight; otherwise,
thgir paths at very low energy appear.characteristically tortuous.
Fdrthe:more, we know that tﬁe ranges of ?he Kﬁ2 and Ku2 éhaiged Secoh-
daries are unique (21 cm for p and 12 cméfor 1) because these are two-
body decays. . Since the rangé of the u f¥om Ku3 decay can vary from
should present no difficulties

0 to 18 cm, the separation of K“ and K

3 e

if all secondaries could be followed to rest. An analogous statement

f
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1s applicable to the Kn and 1' modes since the meximum range of the 7

2
from 1' decay is 4 cm. The 1 decay mode ylelds 3 above-minimum prongs

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

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

decay modes of K+ could be easily determined if all charged secondaries
could be followed to thelr 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 éones, Hence ionization ﬁéasurement§ and spécial
analyses were also used as necessary to ald in identifying decay modés.,
An account of our process of iden£ification using vafious methods 1s
given below. |

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

either to their endings or as f;; as possible., All Cone A events were
so treated. The remainder of the one-prong events were followed only
up to 12 cm. From the range considerations (see Table 2-2) we know

that any evenﬁ with.a secondary range greater than 12 cm could,ohly be

either Kﬁg or Ku The 5lh{events belonging to thils category were

3.

1abéled 12-cm events. These are treated under Ku events in Subseétion

.(e>.

i?Wheﬁfthe first track following was dbn;, we foﬁnd that approximatel&
90?even£$ had secondaries which could ﬁot be followed for 12 cm or ﬁo
their endings. - These se;ondéries were elther lost or went oﬁt of - the
stack in less ﬁhan 12 cm due to changes in their original path directions
by:scattering, or seémed to disappear in flight (D.I.F.), or p:oduced
st&xs iﬂjflight (s.I.F.). The S.I.F. events, D.I.F. events, lost or

out of stack events, and KeB'events are ﬁreated in Subsections (a),

5
]
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(v), (c) and (a), respectively. Also given in subseétion (a) is a
brief discussion of the use Qf'ioﬁization measurements.

(2) S.I.F. Events: This category contained 4O events of which

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

. v o .
particular point on the secondary.) Among all secondaries of K decay,

| n is the only particle which is strongly interaéting,and capable of

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

Kn2 and T' events. Furthermore as the maximum range of a 7 from T

‘decay is 4 cm, only 23 S.I.F. events can be candidates for both Ko and,

T'. To resolve these events, we first made use of the ionization method
which is based on two definite relationé: oneiof these relates blob

density (in blobs/;OOu) to ionization (invMbV-gm/cme) and the other

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

one‘;s able to obtain a calibration curve“in which‘fhe ﬁlob’density 6f
a track in é parficular medium can be éxpreséed as a fuﬁctiOn of
residual range. In Appendix i the procedure for obtaining fhe calibration -
curve for p(and 7 in the D-stackvis.éigbOrated. To illustrate the use
of the.curve, let us suppose that a ;tar'in flight ié ébserved atIE;OO .
cm from the K+ decay poiﬁt and that we want to know ﬁhéther the secondary
is‘a n from K#

2

or from T'. Blobs are counted for at least lQ,fields
of view (equivelent to 1000u) to get blob densities at the K decay

point and at the star, say 19.1 * 0.7 blobs/LOOk and 21.5 # 1.3

»blobs/lOOu, respectively. Assuming that the secondary has its‘méximum

kinetic energy if it is from T, then we can gét the following infor-

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

Paxticles A D= o At D =2.00 cm
n from Kﬂé 19.0 : : 20.5
5 from T' 25.0 v _ 30.2

Comparing the above table with the measured blob densities, we see that
the secondary is a = from Kﬂg, In this way, all 23 S.I.F. events which
had star at D < 5 were resolved. The resolution of all L0 S. I.F. events

is tabulated below:

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

No. of events Identity | -  Method Remarks
17 , KJt2 Range MeaSurement Ster at D > 5 .cm
- X, Tonization Star at D< 5 cm
2 ! ' Tonization Star at D<5 cm

P

(b) D.I.F. Eventé: There were 11 evenfs in fhis category.as the?
result of the.first track.following{ The primaries énd‘secondarieé of
these 11 apparent D:I.F. events have been re-checked with great care '
by differént scanners. As a rggult only one of them remains in the
D.I.F. category. 'Thé secoﬁdary of this one remaining D.I.F. event has
been refollowéd and its scattering behévior indicates 1t is probably an
e+. One ofjkhe 11l events is'notva K decay. rFor»? events the secondaries‘
were scatté;ed in such directions that they were not seen during the
first folléwing. Ionization measurements and furtherifolldwing'showed
that thesé,are probably all K“,eventsL A careful examination of'fhé
secondarw;ending of one event showed that it was an S.ﬁ.F. rather than -

a D.I.F. The secondary of the last event was refollowed with the result

23

P

<
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that an 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 Eventa

Identity

Method

Remarks

L Ku (unambiguous) | Range measurement To be treated in
. and ionization Subsection (e)
3 Kp (prdbable) (Two were followed
' ~to 12 cm in the
_ second following)
2 Kﬂ2 ' Range measurement
and ionization One Star at D =
! 5.68 cm
and the other at
6.03 cm
! (ALl were included
in S.I.F.)
1 K . (probable) Range measurement
. e3 . .
and ionization
F
Not a K decay Recheck of the The primary was a M

primaxry

from a n-decay and
the secondary was -
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 whose secondaries still cannot be followed 12 cm or _

to their endings. Their identities haveibgen reéolved as tabulated

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

No. of Events Identity Method - - . Remarks
7 K . (unambiguous) | Ionization, range,
72 : .
and observation
1 K o (probable) | of behavior at end .
20 K (unambiguous) ' Tonization and To be treated in |
: H range subseetion (e) i
6 - KH (probable) ' o
1 Unresolved

() KeSAEvents: There exist two possibilities by which an event

originally classified as Ke3 may not be & tyue K, (1) the primary is

3:
a uor (ii) an error made during ?he first track fdilowing led from
the true:secondapy track to an e%fﬁrack.’ In order to minimize the
possibility of errors being made in the identification of these events,
two steps have beeﬁ carried out -- all primaries wgfe followed back
and all secondaries were independently refollowed.

Although the exposure was érranged so that only the K+ component
of the beam would stop in the stack, K decays occurfed upbeam from the
scan volume. In this case, the secondar&‘would be. a u orvn (which in
turn will decay into Q). Therefore, we should not be surprised‘if some
n=e e%énts have been mistaken for K — e events. For this reasén, we
had all'éhe primaries of the 62 6riginal Ke3 events rechecked. The re-
sult showed that 12 of these were p — e deca&s.

The second possibility for error stems from the fact that in all
non—réré K+ decay modes except ng and T,_af least one of the secondaries
fs a no which decays into either two photons, one photon and one Dalitz

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

. P L : + ,
_ ratio 2/802). In other words, ~ 30 x° are produced per 100 K decays.
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0] =
. +
This results in ~ 60 photons per 100 K decays.. Assuming that the

average energy of the photons from 7° decay is ~ lOQ MeV (67.5 MeV in -

7° rest frame), we notice that the corresponding mean free path for

pair production in emulsion by these photons is 5.09 cm}h. This means

that almost all photons from_ﬁo decay convert into electron pairs in

' + e e ' *
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 véry small compared with the

ﬁholé stack. It 1s therefore estimatéd (details given in Appendix IiI)
that, given a follow through = error, -theré exists a probabiiity'of
about 36% that one will be led to an électfonf(or positfon)}track{

This reasoning demonstrates\thé n¢C¢SSitY of refdllowing all secondarieé

of the remeining K, , events. The.accomplishment of this task revealed

3 .
that 14 of the original K, events were, in fact, so classified due té;
errofs in the first_followvthrbughﬂ The disposition of all events
originally élassified as Ke3 is shown in Table 2-6. ‘ ¥
Teble 2-6 Resolution of Original K_; Events
No. of Events Identity : Method I : Remarks
36 K Following and refollow-
' el ing both primary and
' secondary v v
12 K | Following and refollow- To be treated
oo X . X .
_ ing both primary and in subsection
secondary | (e) (A1l were

in the second

followed to 12 om

following)
2 Kﬁe" Range and followthrough One was -included
: _ . { in S.I.F. (>5 cm)
' > 1 and the other in "}
‘Lost Events. :
12 B> e Following back primary
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(e) KH Events: From the discussion in the preceding subsections

we have noticed that there are 359 K“'evenﬁs of which 314 are 12-cm

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

3

The secondary of each of these was identified as a y 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 Kﬁ

3

mode. This was accomplished by use of the energy spectrum of the K

13

+
and the number of KM events in which the u was observed to decay at

3

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

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

n3?
function of the kinetic energy T. In emulsion research, the residual

A-L, Appendix II, is a normalized spectrum of the K aN/aT, as a

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

converted AN/AT to dAN/AR by use of Fig. A-2 (See Appendix .I). The hifs

i
§e

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 Ku events whose secondaries were not

3
followed to rest. '

Consider a pure K“ sample of N events. Each;secondary is to be

3 _
followed for a distance D( < Rmax) if it does not decay at‘reSt before
that point. The expected number of decays at rest to be observed is

then given by

5 N3-q = Ng/; F(R)4R : (2-1)

R . . : ’
where;/H B8X  p(R)AR = 1 and R = maximum residual range of a K _.
0 max . M3

(See Table 2-2)
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Now consider.a slighﬁly more complicated case where the N events
are separated in s groups, each containing Ami events (i =,l’ 2..fs).
Each secondary of one group is to be followed up to a particular
distance Di if it does not come to rest and decay ﬁgfore reaéhing that
point. Treat each group in the same manner as before but assume |
diffefent D,'s. Then the numbervof events whose secondary decays can

i

be seen is expected to be

‘ s D, '
S )
N3.q = ii Aniuﬂ; F(R)dR, L (2-2)

and ‘in the special case Ani =1 for all i, we have

NDi(i : - (2-3)
N, .= ZL/H F(R)dR 2-3)
H3-d -y Jyg

Hereithe set of Di7s constitutes a hypothetical path length distribution.

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

this case we have N = 465 events, which total includes 359 Ku events, %3
~and 106 Ku and K . events for which the secondary was observed to decay

3 H2

at rest (35 Ku and Tl K“ We want to estimate how many of the Ku

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

3

events belong to thg Ku3

we flrst have to determine the potential path distribution; Ani, for
this experiment. This can be doﬁe.by considering the group of Ku and -

Ku2 events because almost all of those events belong to the X .. mode.

ue
This argument 1s based on the theoretical range distribution of the

KM3 mode and the experimental results. The distribution in Fig. 2.l

" shows that ‘only 10% of the whole Ku3

larger th%n 11 cm, but in our case we see that 96% of the Ku events

- spectrum can have residual rénge

have beenifollowed for more than 11 ecm.  Therefore the Ku and K“E

B

.



'-254 

events taken together furnish an empirical potential path distribution.

Let this distribution be represented by the set Amia“We'may conclude

that
Any = KAy, | (2-4)
where - k = normalization factor,
Am, = No. of secondaries followed for a distance between

1
D, -g/2 and D, + o/2 without being observed to

decay at rest.

By definition, we have

SAn, = N=N + N + N o-
N, 2 _( 5)

-t -d u3-a’

and

2Am, = N

2 | ny " Muz-a’ (2-6)

where N“ = No. of Ku events,

'Nue-d

N No. of K
p3-d T3

Notice that our experimental data give the following numbers

N = 465, )

No=359, | | : |

L ()
Mg = T , |
Nuz-a = 30

Inserting Eqs. (2-5) and (2-6) into'(eQu),'yields
R S | (2-8)

It Np‘3 is the total number of KHB events in the sémple, then

No. of Kpg for Which~secondary‘was observgd to décay at rest,

for which secondary was observed to decay_at rest.
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N /N is the probablllty that a- glven event 1n the samplo be a K u3®
By substltutlng Eq. (2-8) into (2-2), we see that

Ni3-a N;\? (1?1\7 ) Z f F(R)dR

or
o N : N _
N 1~ _IJ_ Di .I‘_J'_.e-d' D, =Rmaxv N |
Ni3-a = N-§3 JFA F<R)de*zl Jﬁ } F(R)4R| (2-9)
. r3-d i 70 i3 0 : .

for the case Ami = 1,

'Frombthe experimental data, we obtain

Z f 325 7, (2-10)

4

and*
N..FLz'dA =R o . R__. - 2
2; g/ﬂ TP RRIR =N, o = TL '(since\/P MXp(R)GR = 1) (2-11)
0- S N ,

& Yo | | | 0
If we substitute Eqs. (2-7), (2-10), and (2-11) into (2-9) and solve

~the result for Nu3 we obtain

NHS = '37'9) K
or
N3-a * Nig = 379
whence_ | ‘
t — - ‘ . o o - 4
N“3 = 2.9. o _ o (2_12)

Here NL3 represents the number éf K _ for which the secondaries have not .

- M3

- been followed to their dece

Eq. (2-12) indicates that.thé endings of about three K 5 events

o



i
i
i
:
i
i
{
i
i
|
!
4

27~
were not observed because the decay secondary traveled farther than 12 cm,

was lost or left stack.

Section 4 ‘Determination of Scanning Efficiency

All track endings found during the original scan and classified

" as possible K'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 segrch. The events for which no .visible secondaries
were fbund in any of these searches were labeled No—Visible-Sepondary
(N.v.S.) e&ents;v These have subseqﬁently been investigated with gfeat
care iﬁ order to pfovide one of the two pieces of information upon
ﬁhich the evaluétion of our scanning efficiency is based; The treat-
ment of the N.V.S. events is discuééed in Subsection (a) below. Ain
Subsectién (b) we will discuss the efficiency re~scan program.  This
furhished the second basis for éfficiencylevaluation. |

(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 we?e discarded
aﬁ this stage.b An extremely careful search for a seéondary was made
at each selected ending. If no segondary was found to be associated with
an ending{ then the primary was followed back to see if it Belgnged to
the incoming K beam. Finally, each residual N.V.S. e&ent whose
primary did Belong to the bean wés subjected to yet anothér rigorous
search for a secondary. - | |

The r;sults of this p£ogram are listed bélow:

l. 1070 N.V;S, events were found toAbe contained in the'

middle 2/3 of their respective pellicle depths,



-28-
2. Secondaries were ultimately observed for 382 out of
the original lO?O'N.V.S. events,

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

L+
do not belong to the K beam,

4. There remain only four ehdingsbwhosé primery appears

to belong to the incoming K+ beam but for which no
_secondary has yet beeh fouﬁd.

From this result we may conclude that secondaries have eventually
been Seenvfdr practically all of the genuine K+-¢ndings (in the middle
2/3) which'were'fecorded during the original scan. All events with

. secondaries in the conés-found during the:course of the'N.V;S. event.
program have been followed duﬁ and included in our sample. |

(b) Efficiency Rescan Program: Some appropriately chosen parts

of the original scan area haye'beeh rescanned independently-by-different
secanners 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 pelliéle depth. No special effort was made to see

secondarigs during the efficiency rescan. The‘reSUlts were compared
with the‘original_scans to‘determine which endings in ﬁhe same area
were found in cbmmon, in the original scan only, or in the efficiency
rescan ohly.: Those évents with endings seen.only-in the éfficiency
rescan'héve been put through the N.V.S. event program but not includéd‘
in the branching raﬁio sample becéuée the rescan area covers only a s i
portion of the area ofiginally scanned. The original scanning efficiency
' € is calculated in a conventional way.'.Let us assume that

"

. _n
B NT = true

N -
o

no. of events occurring in a scan area,

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

number of events found from rescan in the area,

and

N

. number of events found in common.

Then the original and rescan efficiencies are given by

NO

. ¥ o o (2-13)
N _
I

o)

Since the original scan and rescan were done independently by

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

1s thus equal to

' NN _ )
S €€, = 5 : _ (2-1k)
b N

E-By definition of scanning efficiency, this quantity should be

equal to_Nc/NT, i.e.

or _ ¢
NT2 SNy
or
NT‘#A—jE:-V S 3 (2'l5)

From Eqs. (2-13) .and (2-15) we can easily calculate €,- The results

" are tabulated in Table 2-8.
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Table 2-8 Results of Efficiency of Rescan

Plate No. N, N 0N o;;%igiini;an
D-132 137 | 140 13- 0.958
D-134 229 237 234 - C.979
D-136 .| 377 393 1k 0.910
D-138 o17 ool | 227 - 0.956
D-140 268 282 279 . 0.960

The total area covered in the original scan was 338 mm2 and that
covered in the efficiency rescan was 96 mmg. Although each individual
rlate efficiency was determined from a paftial rescan area, we may
assqme thatvéfficiency to be applicable to the entire plate because
the original scan for each plate was carried out entirely by one
particﬁlar scannef. Furthermore{ the fescan area was distributed

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

. » _ . ,
X decays found in the middle 2/3 of each plate during the original

| scan, we are able to determine the overall efficiency € for this experii

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

e ',
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Table 2-9 Determination of Efficienéy for fhe Experiment

s _ ‘ T T
. : d :
Plate No. - €. N, /e
- 1-Prong 3-Prong | ¢ J 'j
D-132 348 | 19 10.958 383.1
'D-134 1248 T2 | 0.979 1348.3
D-136 1019 58 0.910 1183.5
D-138" 558 “8, 0.956 |  633.9
D-140 641 L7 0.960 | 6.7
N

;(NJ. /e(j ) = 4266

55 M totart M3 torey = 3CLM + 2uh = 1058

N,

: J
€ = 0.951
N, /e,
f (W, 7<)
E Notationsf_Nj'= number of possible K+ decays found in

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

€

overall scénning efficiency for the experiment.

' = : - d in th
Ni total ‘Iotal No. of l-prong events found in e
middle 2/3.
= - - d in th
NS total Total No. of 3-prong events found in e

middle 2/3.
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Chépter JII Results

This chapter contains two sectibns., In the first seétion we
will calculate the observed branching ratios and estimate the "true"
branching ratios with efficiency correction. Ih the second seétion.
we will make general remarks on thié experiment and comparé 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

previoué chapfer, the selection of each i¥prong event was based on the
emission direction of the seéondary; However; this selection rule
cannot be applied directly to the T events since these-are 3-prong
évents. By assuming that K+_decays isotropicallj, wé can write down

the . following equation:

1
4

.y , _
1 cones _ N3 cones (3-1)
N, . ° W ’ S
.71 total 3 total -
where Ni cbnes = No. of l-prong events lylng w1th1p the cones,
Ni total'= Total No. of l-prong events found in the m1ddle_2/3,
N3 coneis = No.vof 3-prong events to be.cons1dered lying w1t§1n »
' the cones (namely, No. of = events to be used in this
branching ratio experiment),
and
N3 total = Totel 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 Egq. (3-1) for N

3 cones (o? NT)

as
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681 -

N3 cones = 2Lk x §BEE = h3-6, (3-2)
or
N, = U3.6. L (3-3)
Table 3-1 One-prong Events within the Cohnes
Event Type
) 12-cm | . Posi=- | Ny
- , ; Events ' ' tron H(N P
Decay | Decay or ' §.I.F. Anni - Ej f; )
Mode at Lost | - o oo, | bil- ents
Rest or . : 01 ation
Out- (<5 em) (>5 em)
-stack ,
K - |356.1 - 127,
2 g 35 . . _l+27 1
5 2.9 N .9
w3 | 3 ) | o 37.9
K 5 85_+3'- 8 19 19 1 13h
T 15 : ;o2 ’ 17
N . 4 * . !
%3 | | 1 3% 37
Misc. ' I B o™ 4t
Ni cones ZNi = 681
%  Probebly KE3 [see Section (c), Appendix III]
¥*% l-prong eVents but not K.+ decay, included in Nl coﬁes because the

vealue of'Ni listed in Table 2-8 fefers to No. of l-prong events
found in the first area scan, 6f which éoﬁe primaries may not be
K+ after further investigation.. |

+ . Qf-sh§rtef ranges than should be, to bezinvestigated further.

T

1+ Unresdlved events.

(!
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With 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

f Decay N, r, '

Mode (No. of*Events) (Branching Ratio)
K Lo7.1 . 6}.31%
Kz 319 ,_ RELY.
‘Kne - -_J;3l+ - . 19.24%
T - L3.6 I 6.26%"
Tt kA 2.14%
Kz 31 | 5.31%
LN, = 6%6.6 E r, = 100.00%

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

1

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. (Let us call them "relative
efficiehcies".). The second one involves possible 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 tﬁe felative probability of a
foliow-tﬁrough error, if any, leading fo anve# track és oppoéed to a
g or x track was sbout 36%. For this réaSOn, we had all the original
K . events refollowed independently. This'demonstrated that fourteen

e3 :

of these events were xot K_ [see Section 3, Chapter II.] The total

3°

number of possible errors in the first following is then estimated to

be lh/0.36 = 39. In other woids,.there could be possibly 25 events of

¥

1

St

Ay
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which the secondaries might have led to a wrong =n or u track in the
first systematic'following. This number, compared with soﬁe 650 events
of all decay modes except the Ke3’ is so small tha&_there is no need
: fqr a refollow of each Ku or KTt event. In other words,»there is}ho
need for a correction in this respect for the measured branching ratios.

.The differenqe in the relative efficienciés forvdifférent K+.decay
modes stems from the fact.that each mode has a different energy spectrum
which in turﬁ leads to different'specﬁfa as functions of Dblob dénsity.
‘Wé estimate that a = track with kinetic energy less than 25 MeV (cor-
reéponding to ionization greater than 38.64 blobs/100u in the D-stack)
can probably not be missed. AIn other words, we assume any secondary
vwith ionization equal to or larger than 38.64 blobs/lOOu caﬁ.be_ob-
sexrved witﬁ efficiency lQO%. For anyvsecondary with ionization lower
thah 38.6k4 blobs/lodu the efficiency will decrease with no definite
rel;tionship‘kho%n to'ﬁs.‘_As the simplest approximation, we assume
that the rélationship istliheér i.e., the efficiency € can ‘be expre;ééd

as a‘linear function of blob density Bi as follows: . %

l-m(Be5-B5_) for Bi<325, :
€, = L s ‘ (3-k)
1 ' . for By > 325.
where m is to be determined, Bi‘refers to a particular blob dénsity'
correspond%ng to’ei,.\and»lB25 represents the blob_depsity qorréspondingA

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

equation:

=N', | | ‘1 (3-5)

4 : i

where Ni‘= observéd number of eventslbelonging to -the i-th decay mode
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and Ni' = trﬁe number of events belonging to the i-th mode.

Since the sz and Kﬂé secondaries have uniqu ehergies, we can
apply Egs. (3-4) and {3-5) directly to these 2 modes to obtain: '[See

]

and B
Tt

Appendix I for the wvalue of B“2 5
€p = l-m (325 - Bue) =1 - 21l.hk m, (3-6)
N .
p2 '
= N ) ’ (3—7)
€u2 u2 .
¢
€ = 1l-m (325 - Bﬂe) =1 -18.45 m, (3-8)
and
" N
i 72 : : .
i ‘ = N! (3"9)
3 €ﬂ2 2 _ _
The Ku3"Ke3 and 7' modes have continous spectra. Thus, for
these modes we must define their mean efficiencies as follows:
?25 ' max ’
€3 = j}; [1-m (B25 B)] 33 B _/; - 3F 9B (3-10)
min . 25 :
N
2 - v, (3-11)
M3 _

€3 = ;/; [ lfm(Bes—B)] = 9B (since B oS B25), (3-12)
min : T - '

=

==, o (3)
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- %5 ax Tax oy
€ = f; [1em (1325 - B)] 55 aB +£3 55, @B, (3-14)
min . ' 25
and.
N , o
- = Ny, (3-15)
€
where‘%% dB = number of events whose secondaries have a blob density

ulying between B and B + dB at K decay point.

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

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

N, = N - _(3_16)

By the definition of the overall scenning efficlency. ¢ for the
experiment [See Table 2-8], we may relate € to different €, by the

following equation:

’

EN, N, N_ N_ .N_, N R
i N = ue _H3 b T2y N, + +‘:$§ - (3-17)
< iz w3 S Srr Ce3 |

‘The corrected branching ratios are then>defined by:

P r! = N{/(ZNS). | R (3-18)

ot

. To solve Egs. (3-17) and (3-18), we first have to calculate eu3,

€e3’ eT,. ‘Note that
an daN 4T < '
7 B = F 5 98B : (3-19)

which,canvbe evaluated for Ku3‘and T' by use.of Figs. A-3, A-l4, and A-5

NN

v

Z

7

S5/
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in Appendice I and II. For the calculation of 2;3, see Section (a),

Appendix IIT. The results of these calculations are

Eu3 = 1 -13.99 m, - _
E’T, = 1 - 2.55m, ‘ - - (3-20)
Ze3 = 1 - 20.83 m. |

' By substituting Egs. (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 _ hp7.1 L 37.9 13h
0051 = Tl dbm T TO59on T ToiBhsm o436

17, 31 (.
T 1255 T 1950.85 ¢ - (3 21)
Equatlon (3-21) has a total of five roots, of which the four

J i

positive ones below 10 are found:

10.002581, 1

ml =
.0506 <m, < 0.0507, - . . g .
v ' > ' . (3'22)
. 0707 <my < 0.0708, . _ :
038 <m < 0.39. )

Among the four values, m is the only acceptablerne. The others

) leadhto unreasonably small relative efficiencies. ane ml.is accepted: 

as the root we can easily calculate €; or Ei, N! and ri by use of'
emmumw(sé),C3ﬂ,(38L(39L @4AL Bdab(seo)

results are listed 1n Table 3 3.




-39-

Table 3-3 Efficiencies and Cocrected Branching Ratios

. 1 * 1
. € ' N, r,
" i i . i
ﬁ;g:y Relatlve . . Corrected Brahching
. Efficiency ("True" No.) Ratio %
L | Kue' oL k6% k52.15 f:: 21. 26 - 6L.75 x 2.90
| Ku3 9% .39% 39.321'_;??. 6. 27 7 5.37 + 0.8
o 95.03% 1&1.01"‘}&' 11 88 - 19.26 + 1.62
v 100.00% 43.60 t;, 979 " 5.95 + 0.38
| 99.3u4% 1701 & kb | 2.3% = 0.57
| Ks . 9k .62% 39.10 % 6.25 . 5.3% * 0.85
EN, = 732.29~ ) Zr, - 100:0
* AN; = / N;' for all decay mddes‘except T B
P x(681/381k) " [See Eq. (3-2)]

Section 2 Discussion of Results

(a) Comments: (i) As the majority of the events in this experi-’
" ment wgre identified by the track following and all but 1 of the 1l
D.I.F.:evenfs were resolved; practiéally nbfambiguity exists between .

K and K events, between Kp2 and X events, or between 7' and K

3 0
events. Listed in Table 3-# is the summary_on'the identification of

“the events.

IS
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Table 3-4 Tdentification Methods Used in the Experiment

Number of Events Identified
Category Track Ionlzation Meaéurement Total
Following or Other Method
K, and K, 515.1 - 46 (10 original D.I.F. | 561.1
: 36 Lost or Out ’ 3
} Stack)
Ky 35 2.9 37.9
T k3.6 . ' 43,6
i 15 2 | | 17
ers 36 - 1 (Original D.I.F.). | 37

(ii)‘ Since both the overall and relative efficiencies

were found to be sufficiently high (See Tables 2-8 and 3-3), ‘there éould
" only be a very few possible K+ primaries aﬁd secondéfies within the scan

volume‘still unobserved.

(i11) Although the estimate made in Appendix III
for the total number of ei track produced around the scan volume was a
rough approximgtion, it has pfovided for the first time a rational basils
to éarry:out the calculation of possible errors‘in the first track
»folibwiné. This estimate, combined with thé successful handling of

thebbrigihal Ke events, has led to the conclusion that only negligible

3

correction in this respect was needed for the branching ratios observed

in the exﬁeriment.

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

meaéured'by different groups in Table 3-5,

e v M

N
R
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Table 3-5 Branching Ratios (%) in K+ Decay

Measured by Different Groups

Emulsibg— : Xenon Bubble Chamber
Decay 3 T ; ) 1 ‘ ' 5
Mode Birge Alexander Young i Roe Shaklee
(1956) (1957) (1965) - (1961) (1964)
Ku2 58.5 + 3.0 56.9 * 2.6 61.8 £ 2.9 64.2 £ 1.3 63.0 £ 0.8
K“3 2.8 £ 1.0 5.9 + 1.3 5.4 £ 0.9 4.8 + 0.6 3.0 £ 0.5
an 27.7 £2.7] 23.2%2.2 |19.3+1.6 18.6 + 0.9 | 22.4 + 0.8
T 5.6 0.4 6.8 + 0.4 6.0 £_o.u 5.7 % 0.3 5.1 % 0.2
T 2.1 % 0.5 2.0 % 0. 2.3 % 0.6 1.7 % 0.2 1.8 * 0.2
K. !3.2%1.3 5.1 +1.3 | 5.3%£0.9 | 5.0%0.5 | L.7%0.3

Generally speéking, our results (espécially for the rn&jorvmoéles,KM2
andeﬁe) agree better with the bubble chamber data than the early emulsion
data. For this reason, we think .that basically no discrepancy in the
branéhigg'ratios should exist regardless whether nuclear reséarch
emul.sion or bubble chamber is used to perform the experiment.

Siﬁce the value of some branching ratios of K+ meson have been

2, 15'17, it may be interesting to com-

predicted by some theoreticians
pare our results with some of the predicted values. The comparison is

tabulated in the table below

Table 3-6 Our K Branching Ratios Cdmpared with Predicted Values

Braﬁching Measured Predicted _ Underlying theory
ratios velue - value :
Ko 0.618£0.029 | 0,677+0.011 Universality=’>?
, 0.69 S-wave K-r_resonence > |
Ku3/Ke3 1.00%0.23 0.64 __P-wave K-x resonance”
11/ 0.39£.10 0.325 AT = 1/2 rule®

it Y
N
£y

h:ﬁf}
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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 staék, different pafticles, and.different
energies. Although the blob density is different from grain density,
the difference is not lafge in our cases where grain densitiés con-
cerned are lower than 50 grains per 100u. 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’Kﬂ.2 and ten known Kue 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 bf blob densities for a path length
equivalent to a tﬁiékness of 3 plates (or about a distance of 2 mm).
Thevblob.densities were first averaged over the fhree portions of

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

each whole plate. As the secondaries of the Kn2 and Ku2 modes haye
unique energies and the loss of energy at such energies alohg a path

of 2 mm in sﬁandard emulsion is negligible, the secondaries of each
category can be considered as two monoenergetic entities which should
yleld two éonst&nﬁ lonizetions in a 2 mm path. Our results aemonstrated
that the variations with respect to depths of each plate were all smaller
than + 1 blob/100y (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 B)



nN
nN

20 f
3 8, =2019%015
S 19} -
>
< 18
o
< !7TF T L T "1 " T Tz
i

Ll

N

B = +
%‘lTZO-—OJ4

! ] 1

0 00 200

300 400 500 ‘ 600

Z 9&)

Fig. A-1 Blob Density as Function of Pellicle Depth
- (Z = 0 at Bottom)



- \}\'L.;}i\\
“l5a-
which can be measured directly in emulsion, it is more convenient to
express Kinetic energy as a function of R. Fof this reason, we have
used the following eqpations 18,19 to calculate different 1 and Rp
o with different B and list the results in Table A-1.
H v ' ) r ]
. , Enr e (n/p ) 2mec26?72 o o
. i = - - ln( T ) - 26
B
. o ‘
-2¢(8)| (MeV-em®/gm), (A-1)
and §
S | ; Tp. aT o
R(T) = 0.00Lhk +‘“/j- —2L  (cm), (A-2)
PP : 1 ip
4 19

Y

where C(B) = Density correction term for standard emulsion,

i Total energy loss of a singly charged heavy particle,
aurem ¢®n = - 0.2663% MeV/cm

3.815 gm/cc (den51ty of standard emulsion),

o =

18
I = 331 oV (mean exc1tat;on energy for standard emulsion),
'Tp‘ = K.E. of a protéh}.'  o q' ‘ , ' :
1 : . - ' -

' The residual range of & w or u at the same B is related to R,

| R
R(B) s
= >
) j RP(B)' P TP" SRR
or ?”?;91 4
R()  om
-_E%quy‘-,f= m ’

v ?, "'. ) _ .
-Similar expressions exist forvTﬁ and T“, i.e.,
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Jx o M

T " m  ?
P D
and

TS
T m

D "p

The two curves plotted in Fig. A-2 and the various values of T,
R and i listed in Table A-1 are the results of the sbove calculations.
It is appropriate to make some remarke on the value of I used
in the above caleculation. The exact value of the mean excitation energy
for standard emulsion is at present uncertain., The \old.figu'rel8 of
33) eV was employed ip the calculetien of'i altheugh there is recent
evidencezo that the best value of I is somewhat lower., Theirange and
eneirgy loss rate are, however, insensitive to I and the old value may
be justified by noting that the\iange table (Table A-1) gives correctly

the ranges of the K . and Ku2 secondaries, which were measured inci-

Tre .
dental to this experiment.

(¢) Blob Density B as a Function of Residual Range R. The blob

density of secondary traeks at different R's from known Ku2 and an-
events have been measured. The experimental data are plotted in Fig.
A-}iwith an empirical calibration curve drawn to fit them. The curve

hae_beeh used as the Easis_for the ionization measurements mentioned

in Chapter II.
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1

MeV-cm?
gm

2.0014235
48206047

4.6950811
4.5051665
4.3661244

442390911
4. 1210519
4.011%369
3.9096526
3.8146216

3.7257704
346425111
3.504 3294

3.4907726

3.4214410

3.3559799
3.2960736
3.2354399
3.1798269
3.1270068

3.0767753
3.02R%4 74
2.9833557

"2.3398470

2.8982848

2.85%854C5
2.8204993
2.7840551
2.7491104
2.7155761

2.6833692
2.6524140
2.62263949
2.5939819
2.5663793

245397763
2.5141205
2.4L93634
24054595
2.4423667

244200454
2.3984586
2.37T75717
2.3573520
243371692

243147949
2« 3004009
2.28256137
2.2065%2512
2.24L460U0

T 2.2321518

2.21631C9
2.2009187
24135950
Z2.17140%06

K. E., Residual Range, and Total Ionization
of p, n and 1
B . T (MeV) R(cm)
(v/e
( ) D n B b T H
0.4091447 90,000 13.390 1¢.135 2. 6U0 Ge3d87 Q293
0.4188535 95.000 14,134 16.694 2.867 Cot2? 0e323
0.4282070 100.000 l14.878 11.261 3.143 Ou464 Ve 354
0.4372306 105.000 15.622 11.824 3.430 N.910 Ue380
0.4459467 110.000 16.366 12.387 3.725 Qa554 Qebly
0. 4543754 115.000 17.110 12.950 4,030 0.6C0 Ue 454
0e 4625345 120,000 L7.85%4 13.514 40343 0640 Ueh89
0.4704403 125.0C0 18.598 14.077 L.605 Ca694 0e525
0.4781073 130.000 19.342 14.640 44,996 Uel43 Ge963
0.48554 89 135.000 20.086 15.203 5.336 0.734 0.6U1
0.4921772 140,000 20.830 19.766 Y.6481% O.846 0.640
0.4998032 145.000 21.574 16.329 6.039 0.893 G.680
0. 5066372 150.000 22.317 16,892 6.403 Qau53 Oe721
0.5132885% 15%.000 23.061 17.455 6.774 1.008 CaTu3
0.5197658 160,000 23.805 ly.0ly T.154 1.0064 0.806
0.5260771 165,000 244549 1H.581 7540 1.122 0,849
0.5322299 170,000 25,293 19.144 7.935 1.181 U 894
0.5382310 175.000 26.037 19.707 He336 12240 N.939
0.5440869 180,000 26.781 20270 Ba745 1.301 Ve 905
0.5498036 1854000, 27.529 20,833 9.160 1.363 1.032
0.5553869 190,000 28.269 21,396 9.%d3 1.420 L. 079
0.5608419 19%,000 27.013 21.960 10.012 "1.490 la127
0.5661737 200.000 29.757 224523 10.448 14554 t.127
0.5713869 205.000 30.500 23,086 10.891 1.620 1.226
0.5764859 210,000 31.244 23.649 11.340 l.687 la277
0.5816749 215,000 31.988 24,212 11,795 14795 1.328
0.5863577 220.000 32.732 24,775 12.256 1.824 1.330
0.5911382 225,000 33.476 25.338 12.724 1.893 1.433
0.59581 99 230.000 34,220 2%.401 13.198 1.964 l.486
0. 6004059 235.000 34.964 260464 13.677 24035 1.540
0. 6048997 240,000 35.704 21.027 14.163 2.107 1595
0.6093040 245.000 36.452 21590 14.654 2.180 1.650
0.6136219 250,000 37.196 284,153 15.1%1 24254 1. 706
0.6178560 255,000 37.940 28,716 154054 24329 1.763
0.6220089 260,000 38.684 29279 16,162 2.405 l1.820
0.6260831 265,000 39.427 29.842 16.675 2.481 1.£78
0. 6300809 270.000 40.171 30.406 174194 2.998 L9146
0.6340047 27%.000 404915 30.969 17.717 2.636 1.995
0. 6378566 280,000 41.6%9 31.9%32 18247 2. 715 2. 055
0. 6416387 285,000 424403 32.099 18.781 2.794 2.115
0. 6453528 290.000 43,147 32.654 19.320 2.374 2.1176
0. 6490011 295,000 43.891 33.221 19.864 2959 2.237
0.6525852 300,000 44,635 33.784 20.413 3.037 24299
0.6561069 305.000 454379 34,347 20.9606 3.119 2.3061
0.6595679 310.000 464123 34.910 21.%24 3.202 2.424
0. 6629699 31%.000 H6 867 35.473 22,087 $.2H0 2e4n7
0.6663143 320.000 “7.611 Jol.Gdh 22,645 3371 2e551
0. 6696026 325.000 48,354 36.999 23,2217 1.456 2e616
0.67283 64 330.000 49.098 31.162 23.50% Sa541 2.641
0. 6760169 335,000 49,862 37.725 244384 l.628 2.746
0.6791455 340,000 50.586 3N, 284 24,9649 EXRAS 2.812
0.6822236 345,000 91.330 38,451 2549548 3.803 2.878
0.6852523 350.000 82.074 37.415 26,151 Y891 24945
0.6882328 365,000 52.818 39,978 26,742 Yo aiQ 3.012
0.6911663 360.000 53.%62 hlleb4el 27.351 4,069 31.080
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Table A-1 K. E., Residual Range, and Total Ionization
of p, n and u (continued)
5) T (MeV) R(cm) i
: 2
( ) MeV-cm
v/c
P i M D T K gn
0. 6940539 36%.000 54.306 41,104 27.495%6 “elH9 3.148 2.1572593
0. 6968968 370.000 55.0%0 41 .667 28.566 44290 1.21¢ 2414346910
0. 6996958 375.000 554 194 42,230 29 119 4e341 3.286 2.13007086
0.7024522 360,000 564537 “47. 093 2. 196 hetld3 3. 348 2.11704138
0. 7051667 38s5.000 57.281 43,356 30.417 4.526 1,425 2.1003376
0. 7078404 390.000 58.025 43,919 $1.042 Hhaebld 3,696 2.0919996
0.7104742 395.000 58.769 44,482 31.670 40712 3.566 2.0198917
0.7130689 400.000 594513 45,045 32.302 4.806 .68 2.0081407
0. 7156255 405,000 60,257 4%.604 32.9317 4,301 3. 709 2.0%60711
0. 7181447 410,000 61,001 46.171 33.976 4 4996 3.7A81 2.045%49886
0.7206274  415.000 61.745 46,734 34,219 5.091  3.853 2.0344%934
0. 7230744 420.000 62.489 47.291 34,8065 Selist 3.926 2.0233524
Qe 72548 64 42%.000 63.233 41.861 35.514 5.284 4,999 2.01 356178
0.7278640 430.000 63.977 484246 3b.1066 He il 4,073 2.0034299
0. 7302082 43%,000 64,721 4i3.987 36.822 H5.479 4b.147 1.92353C8
0.7325195 440,000 65,464 494,550 37.4561 Se9177 h,221 1.9833629
0. 7347987 ©4645.000 66,208 50,113 38,144 5.Q75 4295 1.974418%
0. 7370463 450,000 66.952 SU0.6T6 38.809 Se774 4,370 1.9651907
0.7392630 455,000 67.696 212349 39.417 S.dl6 4,460 1.95611723
N. 7414495 400.000 68,440 51.802 40149 %.973 4,521 1.9473%70
0. 7436063 465,000 69.186 57365 40.823 HhaUTHL Lo 597 1.9387383
0. 7457341 470,000 69.928 52.924 41.950G1 b 175 Hobl6 1.9303103
0.74781134 47%.000 10.672 53,491 42.181 ba276 44750 1.9220671
0.T7499047 480.000 Tle4ld S4 054 42.805 be3l8 4.B217 1.9140032
0. 75194 86 485,000 72.160 54.617 43.551 Ga48C 44904 l.9u61131
0.7539656 490,000 12.904 554180 44,240 beH82 44,902 1.8983913
0. 7559562 49%,000 13.648 She 743 44,931 HebHS $.060 1.8908343
0.7579210 ° 500.000 Téa 39} 564307 45.626 LYN &1 S5.138 - la8634300
0.75985604 505,000 15.13% S6.870 46,323 bha892 ha217 le8701920
0. 7617749 510,000 79.879 H7.433 7AT7.023 696 Ya275 1.869C382
0. 7636649 515.000 T76.623 57.996 4T.T7206 VT.lUl 5,315 1.86215C2
0. 7655309 520,000 17.367 54959 484351 T.406 ha.454 1.8553441
07673733 52%.000 78.111 5Ye122 49.133 7.311 %eb 34 l.8480757
0.7691926 530.000 T8 .45% 57.68% 49,84 T.417 S.614 LeBa21414
0.77C9892 545,000 79.599 60,248 50.561 1.523 5. 694 1.8357315
.0.7727635 540.000 80.343 60.811 51.2176 1.629 S«.774 L.8294606
0. 7745159 545,000 81.0R87 6l.374 51.994 Tel36 G484%5 1.8233070
0.7762467 550.000 8l1.831 61,937 52.714 TeB43 %936 1.8172737
0. T7T79564 555.000 82.574 62.500 53.436 T.950 6.018 1.811351¢5
0. T796453 560.000 83.318 63.063 54,161 B.058 b« 099 1.80555%2
0.7813138 $65.000 84,062 634620 4,888 Be 166 6.181 1.7998640
0.7829622 570,000 B84.806 64.189 55.6117 8.215 6,203 1.7942810
0. 7845909 575.000 85,550 b4 752 564349 He 384 6346 1.7888034
0. 7862002 580.000 86.2%4 65.3106 57.083 R.693 babdB 1.7834286
0.7877904 585,000 B7.038 65,879 »7.819 B.602 6.511 1.7781540
0. 7893619 590,000 87,7182 L4422 584597 a.712 LIS E13 le7229711
0. 79091 %0 $95.000 H8.5206 67.00% 59,297 HaH22 b.61H 17678954
0. 7924499 600,000 89.270 67,568 00,040 8.933 6.761 1.7629068
0.79396170 605,000 90.0Ul4 bn,l131 60.784 FeUhh 6.845 1.7580089
0.79%4666 610,000 90.758 6{.694 61-531_ YelHH 6.929 1.7531994
0. 7969490 615,000 91.9%01. 69.2%7 62.2719 9.206 7.013 1l THBLT G4
0. 7984144 620,000 ¥2,245 69.820 63,030 9.318 1.094 1.7438318
0.7998631 625.0N0 92.989 Tu.383 63,782 e 490 T.183 1.7392814
0.801295%4 630,000 Yy3.733 TO, 946 64.537 Je.06C2 1.268 1.73480%6
0.8027116 635%.000 Q4 .477 65.29% -2, 71H Tedh) 1.730404%
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K. E., Residual Renge, and Total Ionization

102.478

Table A-l
of p, n and p (continued)
B T (MeV) R(cm) i
- 21
(V/C) MeV-cm J
P n M P T M gm
0,8041118 640,000 95,221 12.072 66,052 Y.827 1a438 1.7200807
0. 8054964 6454000 95.965 12.6%5 6haH1L2 YeN40 Te524 1.7218422
0.80686506 650,000 96.709 73,198 6T.514 10,054 7.610 1.71706699
0.8082197 655,000 97.453 T3.762 68,3318 10.161 Te690 la713%693
0.809%588 6604000 98.197 744325 69,104 l0.241 " Teln2 1.7095387
0.8108832 665.000° 98.941) T4.888 6%.871 10. 396 T.868 1a 70957064
0.8121932 670,000 99.635 75.451 706410 104510 74955 1.701681%
0.8134890 675.000 100,428 T6.014 Tle41t 114625 Be042 16978516
0.81477C? 680,000 10L.172 16501 72.184 10.740 .He129 1.6940860
0. 81603 86 685,000 101.916 77.140 T2.959 10.85% 84216 1.6903830
0.8172928 690.000 102.660 77-703' T3.735 10,910 ve 306 1.6861414
0.8185337 695,000 103,404 Tt 266 T4.513 11.086 8¢ 391 1.68315498
0.8197614 700,000 . 104,148 TH,829 75.292 11,202 Be& 19 1.6796368
0.8209761 705.000 104.892 19.392 76,073 11.318 8.5867 l.6761714
9.8221780 710.00C 105.636 T9:995 7§.056 11.43% 8a65% 1.6727622
. 0.82336173 ' 715.000 1064380 80,518 77.640 t1.952 3.745 1.6694082
0.8245441 720.000 107.124 dgl.081L 718,426 11.668 Be.H32 1.666108!1
0. 8257087 72%.000 107,868 8lab44 19,214 11.786 8.920 146628609
0.8268612 730.000 108,611, 82.204 80.002 11.903 94009 1.6596656
0.8280018 735.000 109,355 82.771 B0aT79% 12.021 10094 1.6565%208
0.8291307 740,000 . 1104099 83.334 - Ble585 12.1348 Q. 184 16534258
. 0.83024 80 T4%.000 110.843 B1.897 $2.378 12.256 9.277 16503795
0.8313540 150.000 111.587 B4 4by 83,173 12.315 Yo 366 1.6473810
0.8324487 T155.000 1124331 8%,023 8349672 12,493 Fetab6 leb64%4429]1
0.8335323 760.000 113.075 8v.9806 Bh.T67 ‘12.612 FeH46b te6415232
0.8346050 765,000 113,819 864149 ‘85,566 12.731 Q.66 16386622
0. 8356669 770,000 114,563 . 86.T12 86.367 12.850 9.726 1.6358453
0.8367182 T775.000 1154307 sle275 87.167 12.969 F.816 L.6330717
0.8377591 780,000 116,051 81,439 87.912 11,089 9.907 1.6303404
0.8387896 785.000 1164795, 884401 88.776 13.208 9997 1.6276507
0.8398100 190,000 117.538 .88.96h 89,582 13.328 10,048 1.6250019
0.8408203 79%.000 i118.282 8%.5217 90,349 . 13,448 10,179 l.6223930
0.8418207 800,000 119.026 90.090 91.198 13.569 10.270 1.6198233
0.8428114 805,000 119,770 653 92,008 - 13.689 1C.361 l1.6172923
0.8437924 810.000 120.514 9te211 92.819 13,810 10,453 1eab147989
0.8447639 815.000 121.258 91.780 . 93.631 13,930 10.%44 1.6123428
0.8457260 820.000 122.002 92.343 V4,444 14.0%2 104636 - 1.6099230
0.8466789 825.000 122.746 92906 Y5425 14173 1C. 127 le6075391
0.8476226 830,000 123.490 93069 96,0175 l4.294 10.81Y 1.6051901
0.8485574 835,000 124,234 -964,032 ° 96.892 144416 10.911 1.6024757
0.8494832 840.000 124,978 D4 o995 974710 l4.%38 11.003 1.6005952
0.8504003 845,000 . 125.722 95,158 98,530 14.660 {1.096 1.5983478
0.8513087 850,000 126,465 95.721 99,350 4,782 11,188 1.5961331
0.8522086 85%.000 127.209 96,284 100.172 14.904 11,281 145937505
0.8531000 860.000 127.953 96,847 100,995 1%.026 11.373 1le9717993
0.8539831 865,000 128.697 97.410 101,019 15.149 114406 1.5826791
‘048548580 87/0.000 129.441 97973 1U2.640 154222 1149559 1.5875893
0.8557248 875.000 130.185 984336 103470 15.39% t1.652 1.5855%294
0.8565836 880.00U0 130,929 99.099 104,297 15.518 11745 l.58349¢88
0.857434%5 885,000 131.673 99,663 105,125 15.641 11.838 1.56149171
0.8582715 890.000 132.417 100.226 105.9%4 15,764 11,932 . 1e579%237
0.8591129 895,000 133.161 . 1004789 106.784 15,084 12.02% 1.5775782
0. 85994 06 900.0u0 133,905 101.352 107,616 16.011 L2119 1.57506601
08607609 905,000 134,648 1014915 1084448 16,135 12.213 1.5737690
910,000 135.392 109.281 16.259 LZ.qu 1.5719042
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B
(v/e)

0.8623792
0.8631774.
0.8639686
0.86417526

0.8655297

0.8662999

0.8670633
0.8678199
0.8685700
0.8693113>

0.8700504
0.8707810
0.8715053
0.8722233
0.8729352

0. 8736409
0. 87434006
0.8750343
0.8757222
0.8764042

0.8770805
0.8777511

'0.8784160
. 0.8790754

0.87971293

0.8803778
0.8810209
0.8816587
0.8822913
0.84291 86

0.8835408
0.8841580
0.8847701
0.8853773
0.8859796

" 0.8865770

0.8871696
0.8877574
0.8883406
0.88891 91

0.889493¢C
0.89C0624
0.8906273
0.8911878
0.8917438

0.8922955
0.8928429
0.8933860
0. 8939249
0.8946597

0. 8949903
0.8955]1 68
0.8960393
0.8965578
0.8970724
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of p, 7 and u (continued)

23.263

T (MeV R{cm) i
' 2
MeV-cm
P n M P T M gm
915,000 136136 104,041 110,116 - 16,383 12,400 1.5700656
920.000 136.880 103,604 110.951 164508  12.495 1.5682525
925,000 137.624 1044167 111,787 16632, 12.589 15664646
930,000  138.368 104.730 112.624 16,757 12,683 1.5647015
935,000 139.112 105.293 113.462 l6.48l 12.7¢11 1.56296248.
940.000 139.856 10%.856 114,301 17.006 12,872 1.5612480
945,000 140,600 1064419 115.141 17,131, 12.966 1.5575568
-950,000 141.344 106,942 115,942 17256 13,061 1.567688¢
995,000 142,088 107.54% 116.824  17.381 13.156 T 1e55626434
960.000 162,832 1064108 117.666 17.507 13,251 1.5566206
965.000 1434579 106.672 118.510 @ 17.632 (3,346 1.5530193
970.000 144.319 109.235 119.354 17.458 13,441 1.5514410
975.000 145,063 107.793 120.199 17.684 13,536 1.56958 34
980,000 145.807 11G.361 121,045 LH.UCY 130631 1e54834¢9
. 9d5.000 146.550  110.924 121.892°  13.135 13.727 15464310
990,000 147.295 111.487 122,740 18.262 13.822 1.54533%6
995.000 148.039 112.050 123.%588  18.388 '13.918 L.5438602
"1000.000 148,783 112.613 " 124.438  18.514. 14,013 - - 1456426047
1005.000 149.527 113.176 125.268 18.64) 14,109 - 1.5409686
1010.000 150.271 113.739 1264139 18.767 14,205 1.5395517
1015.000 151.015 114.302  126.990 18.894 14,301 1. 9381535
1020.000 151.758 114.865 127.843 '19.021  14.397 1.5367740
1025.000  152.502 L1%.423 128.69% 19.148 14,493 1.5354128
1030.0C0 153.266 115.391 129.55%0 “19.275 14,549 1.5340696
1035.000 153.990 116,556 130.405. 19.402 14.655 1.5321442
1040.000 154.736  117.11s  131.260 19.929  14.782 1.5314362
1045.000 155.478 11r.681 132.116 19.657 14.8/8 1.5301455
1050.000 156,222 11K.244 132.913 19.784 14.915 1.5288717
1055.000 156.966 118.807 133,831 19.912 - 15.071 1.5276141
1060.000 157.710 119.370 134.689 20.039 14.108 1.9263741
1065.000 158,454 119.933 135,548 20,167 15.264 1.5251497
1070.000 159.198 120.496 136.408 204295 15.301 - 1.5239%16
1075.000 159.942 121,057 137,268 20,423 15.438 1.5227488
1080.000 160.685 121.622 138.129 20.551. 15.5%5 1.5¢15717
1045.000 161.429 122.18% 138.991 20.679 15.652 1.5204099
1090.000 162.173 122.748 139.8%3% 20,408 15149 1.5192632
1095.000 162.917 123.31t 140.716 20,936 15.866 15181313
11060.000 163.661 123.874 141.580° 21.06% 15.944 1.5170141 -
1105.000 166.405 124.4371 142,444 21193 16.041 1.5159113.
1110.000 165.149 125.000 143.309 21.322 16.138 1.5148228
1115.000 165.893 12%.564 144,175 21.451 16,236 1.5137483
1120.000 1664637 126.12¢ 145.041 21.580 16.333 1.5126811
1125.000 167.381 126.690 145.907 21.709 16.451 1.51164G6
1130.000. 168.125 127.253 146,775 21.838 164529 1.5106071
1135,000  168:869 127.816 147.643 21.967 106.626 145095868
1140.000 169.612 1234379 148.511 224096 164,724 la5UB5T98
124%.,000 170,356 128.942 149.380 224225 16.822 1.5075852
. 1150.000 1714100 129,505 150.250 224355 164920 1.5066036
1155.000 171,854 130.068 151.120 22.484 17.018 . 1.50%6345
1160.000 172.5688 130.631 151.991 22.014  17.116 1.5046778
1165.000 173.332 131.194 1%2.862 22.743  17.214 1.5037333
1170.000 174.076 131.757 153.734 22.813 17,312 1.502800CY9
1175.000 174.820 132.320 154.606 23.003 17,411 1.5018803
1180.000  175.564 132.883 155.479 23.133  11.509 1.5009714
1185.000 176.308 133.4456 1%6.353 17.607

1.5000741



ot

B
(v/e)

0.8975830
0. 8980898
0.8985927
0.8990918
0.8995872

0. 9000789
0.9005669
0.9010512
0.9015319
0.9020091

0.9024827
0.9029529
0.9034195
0.9038828
0.9043427

0.9047992
0.9052523
0.9057022
0.9061488
0.9065922

0.9070324
0.90746 95
0.9079034
0.9083342
0.9087619

0.9091866
0. 90960 82

0. 9100269 .

0.9104426
0. 9103554

0.9112653
0.9116724
0.9120765
0.9124779
0.9128765

0.9132723
0.9136653
0.9140557
0. 9144434
0.9148284

0.9152107
0.91559¢C5
0.915%676
0.9163422
0.9167143

0.9170838
0491 745'C8
0.91 78154
0.9181775
0.9185372

0.918R945
0.91924 94
0.9196019
0.9199521
0.9203000
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Table A-1 K. E., Residual Range, and Total Ionizatlon

of p, n and u (continued)

T (MeV) R(cm) i
2
MeV-cm
P 7 M P A M gn

1190,000 177.052 134,009 157.227 23.393 17.706 1.4991882
1195,000 177.795 134.573 158.101 23.523 17.804 1.4983135
1200.000 178.539 135,136 1584976 23,653 17.903 1.4974499
1205.000 179.283 135.699 159.851  23.783 18.001 1.4965973
1210.,000 180,027 136.262 160.727  23.913 18,100 1.4957554
1215.000 180,771 136.42% 161.604 26,044 1H.199 104749243
1220,000 181.515 137.388 1h24481  24ulf4 1r.214 1.64941037/
1225.000 L1H2.259  137.951 163.394 24.30% 1#.346 14932954
1230,000 143,003 139,514 164,236 258,436 154495 1.4924936
1235.000 183,747 139,077 1650115  2h.266 Ld.5)6 1.441703%
1240.000  1B4.491 139,660 1265.993  24.687 18.693 1e4309236
1245.000 145,239 1404203 166.6873% 24,828 [4.792 1. 47011555
1250,000 185.979 140,766 167.7152 264299 LH.BYL 1.4893932
1255.000 1864722 141.327 168.633  25.U4C 1£.990 14686425
1260.000 187,666 L4l.892 169.513 254221 19,049 Le4s79012
1265.000 188,210 142,455 170,394 254352 19,189 1.4271693
1270.000 18B.9%4 143.01) 121.276 2%.483 17,248 lebanbahts
1275.000  189.698 143.582 1/2.158  25.06la 19,341 le6u57331
1280.060 190,642 144,145 173.040 25745 1940 La4s50285
1285.000 171.186 144,708 173.923 25,811 19.586 L.4843329
1290.000 191.930 165,271 174,806 26,008 19,685 le68 36461
1295.000 192.674 140,834 115.690 264140 19,7k le4a29618
1300.000 193,418 140,397 176.574 264271 1lY.866 L.4ul2982
1305.000 - 194,162 1406.960 177.454 Z2h.403 19,984 l.4816370
1310.005 194.706 14/.523 178.3414 26.5346 20,084 LeaguvBal
1315.000 195.649 148,086 1/79.220 26666 20,103 1le48033585
13204000 196.393 l4o.649 1804111 26,798 20,213 Lea 797031
1325.0090 197,137 169,212 180.99) 264930 2Ud3d3 1. 4770746
1330.000 197.6881 l49w.1715 18l.8u0 27.U61 20,683 Le4 /14541
1335.000 198.625 150.338 182.772 27193 20.58% lo4 /778415
1340.000 199,369 150.901 183.65%)  27.32% £0.6b2 t.a772366
1345.000  200.113 L1S51.46% 1la4.%47 21,497 20,182 t.4160394
1350.000  200.857 152,028 185.434  27.%589 70.842 l.4760497
1355.000 201.601 192.591 186,322 27,722 20.962 L.a 1546175
1360.000  202.345 15%.19%4 187.210  27.8%% 21,082 L.4768927
1365.000 203.089 153,717 188.100  27.986 71,1482 le4163252
1370.000 203.832 1544280 1rdevsd  2d.1ly 21,243 1.4737649
1375.000  204.576 194.843 189.8738  29.251 21,333 le4732116
1380.000  205.320 155.406 190.763 23.383 21,443 1.4726655
1385.000 206,064 159,969 171.0658 284215  Zzla5u3 14721262
1390.000 206,808 156.532 192.54% 28,645 Zl.6u3 1.4715939
1395.000 207,552 157.u%% 193.439 23..780 21.7y% la4/10683
1400.000  208.296 157.658 196.331 2Re13  21.8c4 La4 705454
1405.000 209,040 158.221 195.222  29.046 21,935 lo4 /00371
1410,000 209,784 158.784 190.114 29.118  22.045 Le4692314
1615,000 . 210.528 1%7.347 197,006  29.311 ?2.18% Ledbirvd22
1420,000 211,272 159,910 197.498 23,644 22,240 ISR LLL XL
16425,000 212,016 160.474  [YB. 791 29,577 22,356 1.646R0528
1430.000 212.7%9 161.037 199.6463 29 1CY 225441 Le4615725
1435.,000 213,503 161,600 26057/ 294842 22.518 lea670984
1440,000 214.247 162.163 201.6470  29.97% 22.688 1.4664304
1445.000 . 214.991 l62.726 202.366 30,108 22.739 1.466168%4
1450.000  215.735 164.287 203.2%8 30,241 22.689 1.4657124
1455.000 216.479 163.852 204,152 30.374 22.990 1.4652622
1460.000 217.223 164.41% 20%.047  30.5C7 23.0v1 14648180
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Table A-1 K. E., Residual Range, and Total Tonization
of p, n and u (continued)
B T (MeV) R(cem) 1
: 2
) ) MeV-cm
v/c - ‘
( P p M P n M gn
0.9206456 146%.000 217.967 . 164.9718 205,942 30.641 23,192 la4643794
0.92098489 1470.000 2184711 16%.541 206.837 30714 23.293 1.4639465
09213299 1475.000 219.455 166.104 207,732 30.907 23.393° 1.46351493
0.9216687 1440.000 2204199 16L.661 208,628 31.040 23.4494 1.4630977
0.2220053 .148%.000 220.943 167.230 209.524 Jlel74 230595 l.462060815
0.9223397 1490.000 221,686 161.793 2104420 31.307 23.6496 1.4622708
0.9226719 1495,000 222.430 lo4.356.- 211.316 3la4a0 23,7917 1.4618655
0.9230019 1500.000 223.174 164,920 212.213 31.574 23.898 l.4614654
0.9233298 1505.000 223.918 164,483 213.110 31.707 23.993 l.40107C6
0.9236556 1510.000 224.062 17C.046 2164.007 31.841 24,100 1.4606811
09239793 1515.000 225.406 170.609 214.904 31974 24,201 1.40602967
0.9243009 1520.000 2264150 171.172 215.802 32.108 244302 1.45%599173
0.9246204 152%.000 2268494 171.735 216.700 32.241 24,403 1.4595430
0.9249379 1530.000 221.638 1T2.294 211.593 32.319  24.504 le4591 1736
09252533 1535.000 - 228.382 . 172.361 218.496 32.9509 Z4.bU0 1.45300492
0.9255667 1540.000 229.126 173.424 219,395 32.642 24,707 144584497
0.9258782 154%.000 229.86% 113.987 220.294 32.116  24.808 1.45809449
0.9261876 15%0.000 2304613 1/74.5%0 221.193 32.91G ?4.909 14577449
0.9264951 15%5.000 231.3597 17%.118 222,092 34,043 25.010 1.4573996
0.9268006 1560.00C 232.101 17%.670 222.991 33,177 2%.112 1.4570590 .
0.9271043 1565.,000 232.845 1764234 273.891 33,311 2%.213 1l.45617229
0.9274060 1570.000 233.589 176.807 224.1091 33.445 25.314 1.4563914
0.9277058 1575.000 234,333 1TT.366 225.691 33,975 2%.416 1.45%60644
0.9280037 1540.00G 235,077 1717.929% 226.541 33.713  2heov17 let5512418
0.9282998 1%8%.000 2354821 17104492 2271.491 33.841 25.6148 le4554237
0.928594C 1%90.000 236.565 174.05% 228,392 33,981 2%.720 1.4551100
0.9288864 1595.000 237.307 179.61ld  229.29) 361l 25.821 1.424£005
0.9291769 1600.000 238.093 1d0.181 230.193 34.249 25.923 le4544953
0.9294657 1605.000 238.796 18C. 744 . 231,095 34,483 26,024 le4241943
0.9297527 1610,0U0 239,540 181.307 231.996 34.517 Llh.l26 1.4534917>
0.9360379 1615.000 240,286 181,870 232.598 34.051 26,221 1.4936048
09303213 1620.000 241.028 1824433 233,799 34l 264329 l.4533162
09306030 1625.000 241772 187.996 234,101 34,920 264430 1.4530317
0.9308830 1630.0uU0 242.516 183.9%9 235.6U38 39.U0% % 204532 14521511
0.9311613 163%.00C 243,260 1B4.122 236.500 35.ldb 204034 1.4524745
0.9314378 1640.000 264.004 184,685 237,408 354322 264735 1.4522014%
0.9317127 1645.000 264,748 18%.248 238,311 35,457 2h.B1i7 1.6919330
0.9319859 1650.000 2454492 189.811 239,213 39.591 264939 leabl66729
0.9322574 1655.000 246,236 100.315 240.116 35412 21.040 1.4514068
" 049325273 1660.000 246,980 186.938 241.019 3H.uE0  F1.162 le4b11493
0.9327956 1665.000 247.723 181,901 241.922 35,994 27.244 l.4508956
0.9330623 1670.000 248.467 188,066 242.8206 364128 27.34%5 1.45006456
0.9333273 1675.000 249.211 188,627 243,124 36.263 21.441 1.4503991
0.93359C8 1680.000 249.9%5 189,190 244,633 364397 217.%49 1.4501563%
0.9338527 1685.000 | 2%0.699 1894753 245.531 360532 27.651 14499171
0.9341130 1690.000 251.443 190,316 246.441  36.666 27.792 1.6490814
0.9343717 1695.000 2524187 190.479 247,369 364801 274854 La449449)
0.9346289 1700.,000 2922931 1914442 2484249 30235 27.9%6 1.4492203
0. 9348846 1705.000 253,675 192,005 249.154 37.01C 28,058 1.4489949
0.9351388 1710.000 294,419 192,568 250.058 37.2C4 cHJ 160 1.4487729
0.93?3915 1715,000 25%.163 193.131 250.963 37339 28,262 1.4485543
049356426 1720.000 29%.906 193,694 251,868 37.474 23,364 l.4483389
0.9358923 1725.000 256.6%0 194,257 252,773 37.6CH 28.466 1.4431269
0.93614C6 1730.000 2574394 194,821 2%3.0618 37.743 28.%07 l.44749181
0.9363873 1735.000 2584138 199%.384 25%4.583 28. 6067 le4a?T7125

e



Table A-1

B
(v/e)

0.9366327
0.9368765
0.9371190
0.9373601
009375997

0.9378380
0.9380749

. 09383104

0.9385446
0.9387774

0.9390089
0.9392390
0.9394679
0.9396954
0.9399216

0. 9401466
0.94037C3
0.9405927
0.94081 38
0.9410338

0.9412524
0.9414699
0.9416861
0.9419011
0.9421149

0.94232 16
0. 9425390
- 009427493
0.94273584
09431663

0.9433731
0.9435788
0.9437833
0. 9439867
0.9441890

0.9443902
0.9445903
0.9447893
0.9449872
0.9451841

0.9453799
0.9455746
0.9457683
0.94596C9
0.9461525

0.9463431
0.9465326
0.9467212
0.9469087
0. 9410952

0.94728C8
0.9474653
0.94764 89
0.9478315
q‘.%eox 32
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K. E., Residual Range, and Total Ionization
of p, © and p (continued)
T (MeV) R(cm) 1
2
MeV-cm
P s m ;) £ M gm

1740.000 258,882 19%.947 259,489 38,012 28.7171 1.4475101
1745.000 259.626 196,510 2564394 3R.147 28.8173, le4673108
1750.000 260.370 19/,073 257.300 38.282 2B.915 letb4/ll146
1755.000 261.114 197.036 258,205 3Be4ll 29.017 14469215
1760.000 261.858 198,199 299,111 38.551 29.1179 1.446131%
1765.000 262.602 19u.762 260.017 38.686 29,241 1.4465445
1770.000 263,346 193.325 260.723 38.d21l 27407343 14463605
177%.000 264,090 199.888 261.b30 34956 27405 le44617495
1760.000 2064833 20u.451 2062.136 39.0491 29.581 1.4460014
178%.000 265.517 201.014 263.642 374225 2946490 1.4458262
1790.000 2664321 201.577 264,549 39,360 21.792 1.4456538
179%.000 26T.065 202.14U 265.455 39,4499  29.894 1.4454843
1800.G00 267.809 202.703 266.362 37630 29.996 1.44531706
1805.000 2684553 203.267 267.269 394765 10.098 1.4451537
18104000 269.297 203.430 268B.1176 39.3C0 30.200 L. 4449926
1815.000 270.041 204.393 269.083 40,034 $0. 302 l.44408342
1820.000 2704785 204.9%6 269.990 40.17C 30 404 Le4446785
1825.000 271.529 20%.512 2/0.0298 40. 305 10,507 1.4445255
1830.,000 272,273 200.082 271.805 40,440 e LUI la4443752
1835.000 273,017 206.645 21241712 404575 10711 lo4442274
1840.000 273.760 207.208 273.620 40 110G 10.813 1.4440823
1845.000 274.5064 201,771 274,521 40.845 10.915 l.4439394
1850.000 215.248  20v<334 215.43> 404,920 $l1.013 1.443799¢
1855.000 215992 208,897 2716.343 41.115% 3le.ll0 1.4436623
1860.000 2764736 209,460 217.251 414250 11.222 l.44352174
1865.000 277.480 210.023 278.159 41385 3l.324 1.4433949
1870.000 2784224 21C.586  279.067 4le520 $letl 7 1.4432648
1875.000 2734968 21llelé4d 279.975 41655 3le%29 l.443131/12
1880.000 279.712 211.712 2H0.883 4le /51 4leb3l le4430120
1845.000 280.456 212.270 2bl.791 41926 3la?33 L.44/78892
1890.000 281,200 212.839 282.700 42.061 3l.836 1.4427688
1895.000 281.943 213.402 283.6084 42.196 3l.938 1.4426506
1900.000 282.687 2134765 28451/ 424331 32.040 1.4425348
190%.000 283,431 214.528 28%.425 42,466 124143 1.4424213
1910.000 2844175 21%.091 2ub.334 42,002 32,245 1.4423101
1915.000 284,919 219,654 287.243 424737 32.341 1.4422010
1920.000 285.663 16,217 288.1%2 42.872; 32.450 1.4420943
1925.000 286.407 2164780 2489.060 43,007 424552 1.44198497
1930.000 287191 21T.343 289.96) 43,1420 32.624 la441R874
1935.000 2517.895 217.906 290.8¢(8 4le214 321517 le44l 78172
1940.000 288.639 21lb.467 291.7s/ 43,413 32.859 1.4416891
1945,000 289.383 217.032 292.06906 43,548 12.961 1.4415931
1950.000 290,127 219.595 293,606 43,683 33.004 1.4414992
1955.000 2904870 22V.158 294.515 43,819 13.166 1.441407%
1960.000 291.614 220,722 295.424 43.954 33,269 L.4413178
1965.000 272358 221.285 296.333 44,089 3V, 371 l.4412302
1970, 000 293,102 221.8448 297.243 4h 4,225 33,473 Lo4411445
1975.000 293,846 2272.411 2984152 44,360 33.5176 14410609
1980,000 294,590 222.9T74 299.062 444495 33.0618 Le44UYTS2
1985.000 2954334 2234537 299.971 44,631 33.7¢l 1.4408996
1990,000 296,078 224,100 300.881 44,166 33,8483 1.4404219
199%.0u00 296.822 224.663 3Ul.T7Y91 44e9C1  33.9u6 1.4407461
2000.000 297566 22Y%.226 302,700 45.037 34.058 1.4406722
2005.000 298,310 225,789 303.610 45,172 344,190 1.440600¢
2010.000 299.054 226.352 3U4.520 45,307 344293 1.4405301
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Table A-1 K. E., Resldual Range, and Total Ionization
of p, n and p (continued)
B T (MeV) R(cm) i

2

(v/c) MeV-cm
b B¢ M P b o] gm

0.9481939 2015.000 2972.797 226.915% 305.430 45,443 Jeg 395 loa4406618
0.94837 36 2020.000 300.541 221418 3064340 q45.578 344498 la440395%4
0.9485%24 2025.000 301.24% 224.041 307.2%0 45,113 34,600 1.44033Q09
0.9487303 2030.000 302.029 228604 30He 1% 45,849 34,703 14602621
09489072 2035.000 302,173 229.167 309.062 45,984  34.805 la%«02071
0.9490832 2040.0u0 303.517 22v.731 309,960 46,120 34 4908 le44014 19
0.9492583 2045.000 304.261 230,294 310.89¢ 460255 3%.010 1.44009CY
0.9494325 2050.000 305,005 23C.85%7 311.800 46436C 39,113 14400340
0.9496058 2055.000 305.749 231.420 312,710 46926 3%.21% 1.4394980A4
0.9497781 2060.000 306.493 231.983 313.62D 46.661 i%.318 1.439928%
09499496 2065.000 307.237 232.546 3164.530 46,797 35.420 14394719
0.9501202 2070.000 307.980 233,109 315.440 4641932 IhaHd 3 1a4392082 31
0.9502900 20/7/5.000 308.724 232,672 3164351 47.068 15.629 la4327819
0.9504588 2050.000 309.468 2344235 317.2061 47.2C3 3v. 728 1.4397362
0.9506268 2085.000 410.212 234,798 318.1171 47.338 ihe 830 le4 396923
0.9507939 2090.000 310956 235.361 319.082 47.474 35933 1.4396500
0.9509602 2095.000 31L.700 23%.924 319.992 47,609 J6.035 14396093
0.9511256 2100.00D 312,444 236,487 320.903 474045 36.138 1.43957C1
0.9512902 2105.060 313.188 237.056 321.813 47.58C 36.240 14325325
0.9514539 2110.000 313.932 237.613 322.723 48.0U1l6 1bae343 la4374966
0.9516168 2115.000 314.676 238,177 323,634 484151 36.445 le4394621
0.9517789 2120.000 315420 23b.740 324.544 48,28¢ 462548 14394292
0.9519402 2125.000 3164164 239.303 325.455 48,422 30.650 1.4393978
09521006 2130.000 316.907 239.866 3266365 48,558 36.1753 1.4393679
0.9522603 2135.000 317651 240L.429 327.276 48,693 36.85%6 1.439339%
0.9524191 2140.,000 318.395 240,992 3728.187 48.829 36.94%8 1.439312%
09525771 2145.000 319.139 241.55> 329.097 48,964 37.061 1.4392871
09527344 2150.000 319.883 242.118 330.00b 49,099 37.163 1.4392631
0.9528908 2155.000 320.627 242.681 330.918 49,235 37.266 1.4392405
0.9530465 2160.000 321.371 243.244 331.829 49.370 31.308 la4392193
09532014 2165.000 322.115 243.807 332,740 49.5C6 37.471 1.43919G6
0.9533555 2170.000 322.859 244.370 333,650 49,641 31.573 1.4391813
0.9535089 2175.000 323.603 244,933 334,561 49,777 37.676 le4391643
0.9536615 2180,000 324,341 245.496 335.472 49,912 37.7178 l.4391487
0.9538133 2185.000 325,091 246,057 336.382 90,048 37.881 1.4391345
09539644 2190.000 325.834 2404623 337,293 50.183 37.9B4 1.4391216
0.9541148 2195.000 326.578 247.186 338.204 504319 3B 086 1.4391100
0.9542644 2200,000 3274322 241.149 339.114 90.454 3841489 1.4390997
09544132 2205.000 328.066 24t.312 340.025 50590 38,291 14390909
0.9545614 2210.000 328.810 24u8.875 340.936 90725 384394 1.4390833
0. 9547087 2215.000 329.554 243.438 34l.847 50.861 38.496 1.4390771
0.9548554 22¢20.000 330.298 25G.001 342.757 50996  38.599 la4390720
0.9550014 2225.000 331.042 250.504 343.6638 9lel32 3RBa7U2 l.4390683
0.9551467 2230.00C 331.7686 251.127 344.5719 S5le267 33,804 1a4390657
0.9552912 2235.000 332.530 251.690 345,490 51.403 38.907 124390645
0.9554350 2240.000 333,274 252.253 346,400 5le938 19.0U9 le43v064n
0.9555782 2245.000 334.017 252.810 347.311 Dle6 4 39.112 144390657
069557206 2250.000 336,761 2534379 348,222 S51.8C9 39.214 le4 390681
0.9558624 2255.00C 335,509 253.942 349,133 51,945 9.317 1.439071¢
09560035 2260.000 336.249 254.50v 3%0.043 $2.080 V419 le4330765
0.9361438 2265%,000 336.993 255%.06H 350,954 52.216 I9.522 1.4390825
0.9562836 2270.000 337.737 2%%.632 34%1.86> 52.4 351 IV, 025 1.4390896
09564226 2275.000 338,481 25641995 352.7105 52.487 39.721 14390980
0.9565610 2280.000 339.225 250.7%4 353.0680 92.622 $9. 830 l.4391074
09566987 2285,000 339.969 257.321 34,597 52.758 I9.932 le4391181
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.0.9568357
0.9569722
0.9571079
0.957243C
0.9513774

0.9575113
0.9576445

" 0.9577770

0.957909C

T 0.95804 03

0.95817T10
0.9583010
095845305
0.9585593

'0.9586876

.0.9588153
0.9589423

- 0495906838

'0e 9591947
0.9593200

0.9594447°
0.95956 88
0.9596924
0.9598154
0.9599378

0.9600597
0.9601810
. 0.9603018
0.9606220

- 0.9605416

‘04 9606607
0.9607793
,0.9608973.
0.9610148
0.9611318

0.96126 82
0.9613641
0.9614795
0.9615943
0.9617087

0.9618225
0.9619358
0. 96204 86
0.9621609

0.9622727 .

0.9623840
0.9424949
049626052
0.9627150
0.9628243

0.9629332
0.9630416
49631495
1049632569
. 0.9633639

of p, w and-p’_('cvbntinuedﬁ)

Eo

Teble A-1 = X. E. 5y Resi‘dual Range, and Total Ionization

R(em)

2560000

380.884

280,289

6. 206

45.570

T (MeV). i
: o 2
. ' . MéeV-cm
Y 7 Mo Y 7 9 gm
.2290.000 340,713 257,884 355,508 52.693 - 40.035 1.4371298
2295.000. 341,457 "258.447 356.41d  53.U29 4U.137 1.4391426
2300.000  -342.201° . 259.010-, 357,329 93,164 40,240 1.4391566
2305.000  342.944 257,573 358.240 51,300 400342 1.4391716
2310.000 - 343,688 260.136 359.150 ' 93.435  40.445 l.4391878
2315.000 - 344,432 26U.699 360,061 93.9TL 40,548 1.4392051
2320.000 345,176 2612262 360.972  $3./06 40,650 1.4392233
2325,000 345,920 261.82: * 361,882 . 53,842 4U. 123 1.4392427
2330.000 . 346.664 262.385 362,793 53,911 4U.835 1.4392631
2335.000 " 347.408  262.951 363.703 . 54.113 40.954 1.43928406
2340.000  348.152 263.514 366,614 54,248 41,060 1.4393071
2345.000  348.896 264078 365.525 54384 4l.163 1.4343306
2350.000 349,640 2664.641 366,435 544519 41.265 1.4393551
2355.,000 ° 350,384 2065.204 367,346 94.6%% 41,368 l.44393807
2360.000 351,128 265.767 368.256 564790 4Ll.470 1.4394072
12365.000  351.871 266.330 - 369.161 -564926 . 41.573 1.41394347
2370.00uU 352,615 . 266,893, -370.077. ° 55.061 _41.676 le4394632
.23715.000 353,359 267,456 . 3/0.988. 55,197 41.7178 1.4394928
2380.000 - - 356.103 264.019 371.89%2 55.332 4l.4881 1.4395232
2365.000 354,847 268.582 372.809 55.468 41.983 144395546
2390.,000 ° 355,591 269,145 373,719  55.603 42.086 1.439%810
2395.000  356.335 269.708 .374.630 = 59.738 42.188 L.4396202
2400.000 357,079 27C.271  375.540  55.874 42,291 1.4396545
26405.000 ~ 357.823 270G.834 376,450  506.L09. 424393 - La4396856
2410.000 358.567° 271.397 377.361 564145 42.446 1.4391257
2415.000 " . 359.311 271,960 378,271  56.2¢C 42.598 1.6397627 . .
26420.000 7 360.0%% 272,524 319.14l 56.416 42,701 - 144398005
2425.000 360.798 273.087  3H0.091 . 96.551 42,603 1.4398392
-2430.000 - "361.542 273,650 381,002  56.687 42,906 1.4398789
2435.000 362.286 274,213 381.912  96.422 43.008 I.4399194
2440.000  363.030 274,776 3824822  56.957 43.11l T le4399v608
2445.000 ° 363.7174 2TH.339 383.732  57.093 43,213 L.4400031
2450.000  364.518 £279.902 384.6642 ~ 57.228 43.3l6 l.44004¢2
2455.000 365,262 27TL.665 385.5%2  S1.364 43.6ln L.44u090L
[2460.0C0 366,006 277.028 3864463 . 57.499 43,521 T 1.4401349
246%.000 366,750 277.591 387.313 57.634 43.623 1.4401806
2470.000 367,494 , 278,154 -388.243 37.27C 43.726 l.44u02270
2475.,000- 368,238 2Tus?17 369.193 27.90%: 43,428 1.4402743
26480.000  368.981 273.280 390,103  5H.06L: 43,931 1.4403223
[ 24B5.000 369,725 279.843 391.012 58,1767 44,043 14403712
2490.000 370.469 280.400 391.922 HRJALL 44L 136 1.4404209
2495.000 3T1.213  28U.9697 392.832  58.447  44.239 L.440471¢
2500,000  371.957 281.%933 393,742 58,582 44,340 1.4405226
2505.000 372,701 282.U76° 396,652 DM Il bb.bn3 14405740
25104000 373,445 282.659 395.562 58853 444545 144406274
2515.000 374,189 283,222 396.4T1.° 58.988 44,668 1.4406810
2520.000 374,933 283,745  397.3dl 294123 44.720 Lo 447357
- 2525.000 375.6170 2844343  39H,291 99.259. 44.849) 144017304
25304000 376,421 284.911 399,200 1 974394 T 444995 14408462
2535.000 © 327,165 "289.4T4 4U0.110. | 59,530 45.058 1.44049027
2540,000 ~ 377.908 280.037 401,020 5932665 45.160 1.4403600
2545,000. 378,652 2864600 401,929 57,800 45.262 1.4410180
2950.000 379,396 287.16% 402.839 99,935 45:365 le4alnrer
2555.000 3004140 287.720 403,743 6N UTL  4nctd? 1.4411362
404,657 le4411903

<o



-58-"

' Table A-1 K. E., Residual

B
- (v/e)

0.9634703
0.9635764
- 09636819
" 0.96378170
0.9638916

0.9639958
0. 9640996
0.9642028
09643057
0.9644080

0.9645100
0.9646115
0.9647125
0.96481 32
0.96491 34

0.9650131
0.9651125
. 0.9652114
0.9653099
 0.9654079

0.9655056
0.9656028
0.9656990

0.9657961 °

0.9658920

0.96598177
0.9660828

0.9661776-

0.9662720
" 0.9663660

0.9664596
0.9665524
0. 96664506
0.9667381
0.9668301

. 09669218
0.9670131
0.9671040
0.9671945
0.96728%6

0.9673744
0.9674638

0.9675528

0.9676415
0.9677298

0.96781 77
0.9679053
0.9679925
0.9680794
0.9681659

1 0.9682520
0.96833 78
0.9686233
" 0.9685084
0.9685932

Range,; and Total Tonization -

of p, n and u (continued).

e

Slel9y4

T (MeV) R{cm) i
, : . . . T 2
. MeV-~-cm

i3 8 T 1 n b gu
2565.000 IR1.628. 2BU.852 405,567 604341 46.6/2 1.4412571
2570.000 - 382.312 207.415 406.426  60.417 45,715 1.4613187
2575.000  383.116 289.977 407:385 . 60.012 454817 1.441380%
2580.000 © 383.860 29U.%42 40B.29% 60,747 459179 . l.4414438
2585.000 . 384.604 2914102 409.204 60,883 46.C82 1.4615074
2590,000  385.348. 291.068 -410.113  61.018  4b6.164 L.44l5717
2595.000 3864091 272.231 411.022 61.153 46,286 1.4416365
2600.000  386.835 292.794 411.931 61,288 4h.3H9 1.4417022
2605.000  387.579 293.357 412.840 .b6l.424 46.491 1.441768%
2610.000 388,323 293.920 413.749 -61.559 46,594 le64lu3s3
2615.060 . 389.067 294.483 414,658 61.694 464696 1.4419028
2620.000 389,811 . 295.046 415.507 61.829 46,1748 1e4419710
2625.000  390.555 295.609 4164476  61.96% 46,901 14420397
2630.000 391,299 276.172 417.385  02.1C0 47.003 . 144421092
'2635.000  392.043 290,735 418.294 624235« 47.105 1.4421792
2640.000 © 392,787 297.298 419.203  62.310 41,208 1.4422494

2645,000 - 393,531 ~29/.861 420.1l1 62.5C5 47.310 1.4423211
2650.000  394.275 “298.42% 421,020  62.641 47.412 1.4623930
2655.000 - 395.014 .298.988. 421.929 - 62.776 47.515 14424655
2660:000  395.762 299.951 422.831 62.901. 4l.617 l.4425386
" 2665.000  396.506  300.114 . 423.746 ¢ 63,046 41719 1.4426123
2670.000  397.250 300.67/ 424.654° G6Y.lHl  47.822 1.4426865
2675.000  397.994 301.260 425.563  63.316 47.924 - 1.4427613
2630.000  398.7T38 :301.803 426.471 63.652 48,026 14428367
L 2685,000  399.482°. 302.366 427.319  63.537 4u.l28 La44291217
2690.000  400.226 302.929 428.283 - 63.722 48231 14629892
2695.000 400,970 303.492° 429.196 - 63.857 4R.333 144430663
2700.000 401.714 304,055 430,104  63.992 . 48.435 1.4431440
2705.000 - 402.458 304.618 431,012 64,127 48.538 1.4432222 " .

2710.000 - 403.202 305.181 431.920° 0644262 48.640 144433009
2715.000 403,345 305,744 432,823  64.397 43,742 1.4433802
2720.0U0 ) 404.689 306.307 433,736 644533 'n_e.ﬂlv" la4434601
2725.000 405.433 300.870 434.644 6440668 4B.947 1.4435404
2730.0U0 406,177 307.434 435,552  64.803 49,049 14436213
2735.000  406.921 307.99/ 436.460 - 64.938 494151 1.4437027
2740.000  407.665 30U.560 437.364  65.073 49,253 1.4437847
2745.000  408.409 - 309.123 . 438,275 65.208 ' 47.3%6 1.443867T1
2750.000. - 409.153 "307.686 ' 439,163  65.343 47,458 1.4439501
2755.000  409.897 ~ 31U.249 640.091 65,478 4Y.560 1.4440335
27160.000 «lo.ou . 310.‘612_ ’0_40.99& 69.613 '49.66'2' 1.4441175
2765.000 . 411.38% 311.375 441.906  65.748 49,764 1. 4442020
2770.000 412,128 311.938 442,813. 65.883 4v.867 1.4442869
2775.000 412.872 “312.501 443,721 66,018 . 43.969 14443724
2780.000 413.616 313,066 4444628 66,153 50.071 1.4444583
2785.000  414.360 313.627 445.935 66,288 50.173 1.444544 7

2790.000 615104 314,190 4464643  66.423 50.2/5 leb4s
. . . . 4448316
2795.000  415.848 314,754 447,350  66.558 50,377 14447190
2800.000 4164592 315,316 448.257  66.693 50.480 1.4448068
2805.000  417.336 315.880 .449.164 - 66,428 50,582 1:4468951
2810.000 - 418.080 316.443 450,071 66,963 50.684 1.4449839

2815.000 . 418,826 317.006 450,978 67098 - 50.786 ° 1. 445
15. . . . . + 4450731
2820.000  419.568 317.569 451.885%  67.233 50.888 1.4451628
2825.000 420312 3ld.l3.2 452.192 6la368 90,990 144452529
2830,000 421,055 317.695 ~453.699  67.5C3 . 91.092 1.4453434
2835,000 - 4212799 " 319.258 454.60% o6l.b37 1.44564344

¢
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B

’

. (v/e)

09686776

0.9687616
0. 9688454
0.96892 84
0.9690118

0.9690945
0.9691769
0.9692590
0.9693507
0.9694221

0. 9695032
©0.9695840
0. 9696644
0.9697445
0.9698243

0. 9699038
0.9699829
0.9700618

0.9701403
0.9702185

09702965
0.9703741
0.9704514
0.97052 84
0.9706051

0.9706815
0.970757¢
0.9708334
0.9709089
0.97C9841

0.9710590
0.9711336
0.9712030
0.9712820
0.9713558

"0.9714293

- 09715025

0.9715754 °

0.97164 8C
0.97172C6

0.9711924
0.9718642
- 049719357
09720070

0.9720780

0.9721487
0.9722191
- 009722893
0.9723592
0.9724288

0.9724982
0.91725673
0.9726361
0.9727041
0.972173¢

'

-6f D, 7 and u'(continued),'

=59

Teble A-l K. E., Residual Range, end Total Ionization

‘R(&n) ,

3110.000

462,715

3500224

/

T (MeV) - i
. ' - " 2
s ‘ i MeV-cm
P £ Moo b O M gn
28404000 ° 422.543 319.821 455,512 "67.772. S1.297 1.4459259
2845.000  423.287 320,384 456.419  67.9CT 4H1.399 Tlab456174
28904000  424.031 '320.947 457,325 - 68,042 51.501 1.44571G0
028554000 4244775 32145107 458.232 68,177 . S1.603 1.4498024
2860.000  425.519 322.073 459,138  68.312 51.7C5 1.44589%9
2865,000 " 426,263 322.636 . 4060.045 068,447  H1.H07 1.4459895
2870.000  427.007. 323.199 660.951 68,582 %1.909 14460835
2875.000  427.751 .323.767 461.857  68.716 ' %2.011 1.44617409
2880.000 428,495 324,32> 462,764 . 68.,8%1 52.113 1.4462727
2885.000  429.239 324,889 463.670 68.946 - 924215 . le4463619
2890.000 429,982 325,452 4064.576 - 69,121 S2.3114 1.44064635
12895.000 | '430.726 320.01% 465.482  69.256 . 52.419 Le%46559%
2900.000 . 431,470 320.278  466.38H 69,391 52,521 1.4466559
2905.000 ' 432,214 327.141 . 667,294  69.92% %2.623.° le44b7521
2910.000  432.958° 321.704 468,200 . 67,660 2,725 1.4468499
2915.000 433,702 328,267 469.1U6 . 69.795 ..52.827 Ta44694175
2920.00C 434,446 328,83y 470,011 09.930  42.9:9 1.4470454
2925.000 [ 435.190 '329.393  4(0.917 - 70.0€4 93,031 14471633 .
2930.000 -, 435,934  326.956 471.823 10.199 %3.133 1.6472425
2935.000  436.678 33U.519 472,724 104334 53,235 1 4434615
2940.000° 437,422 331,082 473.634 . 104409 53,347 1.64474410
2945.000 ' 638,165 331.664% 4764.539 70.603 . %3.439 . 1.4475408
2950.000 438,909 3327208 475,445 . 10,738 S3.%41° 1.4476410
2955,000 439,653 332,771 4716.350 TU¥73  u93.647% Le4a?7415
2960.00L . 4404397 3334335 . 477.25%  11.0CT 53,745 le4478424
2965.000 441,141 333,898 478,160 (1142 93,047 1.6479436
2970.000 441,885 334,461 479.005 - 71271 53.949 1.4408C452
2975.000 42,629 335.024 ° 479,910 Tleall 4,051 1e4481472
2980.,0U0 . 443,373 335,587 4BO.5!5 T1.546. 944153 1.4482494
2985.000 1 444,117  3306.150 48l.780 - TlebBLl ~%4.25% Ue4483520
29904000 444,861 33o.ll3 4152.685% Tl.,dlH 54,347 1.4484550
2995.000 445,609 331.276 483,590 T1a95%C  “4.45%9 ‘le4nE558)
3000.000 446,349 337,539 484,495 72,085 4,960 l.4406619
3005. 060 467,092 °© 330.402 445.399 12.219 944602 le4an 1698
3010.,000 - 447,836 330.96% 486.304 12.354. 544704 l.44848701
3015.000 448.580 339,528 487,209 12,448 94,856 1.4489747
3020.000 - 449.324  340.091 . 4584113 72.6230 54,908 1.44907906
3025.000 450,068 340.6%4 489.01b 12,157, %%.670 1.4491843
3030.000  450.812° 3414217 449,922 12.892 »w.112 1.4492904 -
3035.000 . 451.%56. 341.781 490.826 -Ti.u2l  $5.273 1.44939¢3
3040.000 452,300 . 342,344 491,730 73,161 59,375 "1.4495024
3045.,000 453,044 342.907 492,038 13,296 99,417 1.4496049,
3050.000 -~ 453,738 3434476 493,539 73,430 9%5.5/9 Teba971l57
3055.000  4%4.%32  34%.033 474,443 13.96% Hv4681 14498228 "
3060.000 455,276 344,596 495,347 (3,659 w9, 182" 1.4499302
30690000 456,019  A6h,154 496,290 13,036 S5Houn0 145003 1¢
3070.000 456,763 44M.122 491,194 T4a962  “9.986 Leho1459
3075.000  "457.507  340.285% . 498,058 T4,102 S6.0H88 1.6502541
3080.000 698,251 366,866 498,962 .- 74,237 .96.190° le4h036217
3089.000 498,999 3404411 40,564 0 1403l 9642791 1.450471
3090.000 459,739 187,974 H00.769 . T4,5C6. 56,333 1.45058C6
3095.000 | 660,483 346,537 501,672 Th.64L  Hbe4YS 1. 450690C
3100000 - 46L1.22T7 349,100 502.576 14,7015 so.vul 1.4507997
3105.000 . 461,971 349.665 . 503.4717  74.4909  26.618 1.4509096
504,382 75,043 S6,800 1.451019)
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Table A-l K. E., Residual Range, and Total Ionization
of p, = and u (continued)
B T (MeV) R(em) . i
. T 5
: MeV-cm
(v/e)
P T K P 7 K g

0,9728411 3115.000 463,459 350.790 S5(5.280 TH.178 6064902 14511304
0.9729089 3120.000 Lbb4.202 3514453 H5C6A. 189 1%.312 27.C03 16512411
0.9729765 3125.000 464,946 351.916 S5C7.092 To.447T 5H57.109 L.45173521
0.9730438 3130.000 465,690 302479 SOT.9I> 15.%81 %tr.2uUl 1.4514634
0.97311C8 3135.000 466,434 39535.042 508.898 Iva11l> »1.3u8 le4o157%0
0.9731776 3140.000 461,178 354.60% HU9.800 I5.89C 47,410 le4H1686H
0.97324062 3145.000 4067.922 3534.164 S510.702 Th.,984 H1.512 le401798Y
0.97331C5 13150,000 468,666 354,731 S11.60LH 76,118 “7.013 16919112
0.9733765 3155.000 669,410 3994294 512.509 15e2%2 H7.71> 1.4520238
0.9734424 3160.000 470,154 355,857 S13.411 1,37 571.817 T la%921360
0.9735079 316%.000 470.898 356.420 SH146.314 T6.921 “1.%18 1.4%7224917
0.9735732 3170.000 L4T71.642 356.983 _515.2[0 716,655 “K.020 1.4523630
0.9736383 13175.000 412,386 357.%46 516.1173 76.15C %oa.122 145247606
0.97371032 3180.,0u0 473,129 35H. 09 SLT.021 The 724 034273 1.4525904
0.9737678 3185,000 413,873 3I5be6T2 S1Ta923 ~ 11,058 Sda3¢>’ 1.45217044
0.9738321 3190.000 474,617 35,236 S18.82% I1.192 "Ba426 1.4528187
0.9738962 3195,0C0 479,361 359,793 519.7127 17.326 SHEeHs8 . 1.452937%2
0.97396C1 3200.0C0 476,105 36U.362 520.629 17.461 SH8.630 T lab530480
0.9740238 320%.000 476.849 360.925% 521.%31 t1e99% 281731 14531630
0.9740872 3210.000 G6T7.593 361,488 522.433 17.729. H8.833 1.4532782
0.97415C4 3215,000 478,337 362.UB1 923,335 T7.d63 58.934 1.4933936
0.9742133 3220.000 473.081 367.614 524,237 TTe497 39,036 14535092
0.9742760 3225.00C 4TI,.829  363.111 S2%5%.138 18,132 S9.137 la%4536251
0.9743385 3230.000 68506569 363.149 526.040° 18,266 “9.239 L.4537412
0.9744008 3235.0CC 4814312 364,303 976491 18.40GC 9594340 14538515
0.9744628 3240.000 482,056 364.8606 527.843 18.534 59,442 14539741
0.9745246 3245,000 482,800 306%.,427 528.744% TO.668 59,543 1.4540908
0.9745862 3250.000 483.544 365%.992 929.645 184,802 %9.645 1.4542018
0.97464176 3255.000 484,288 366,555 530.%47 I18.93¢ . 594746 1e4543249
0.9747087 3260.000 445,032 367.018  531.448 79,010 %j.848 lad984423
0.9747696 3265.000 485.1T06 367,682 5124349 79.204 %9,949 1.4545599
0.9748303 3270.,000 486.520 36Ha245 533.250 72,338 60,051 1.45406T10
0.9748908 3275.000 487.264 368.808 Si4.l%1 79.412 604152 1.4547956
0.9749510 3280,000 4B88.008 369.371 535.0%2 79.606 6L29%4 1.4549]1 34
0.9750111 3285.000 4HB.T52 369934 535.952 79741 GU35S le45%0323
0.9750709 3290,000 489,496 3TU.497 536.853 19.815 Hh0.457 1.45%1508
0.97513C5 3295,.000 490,239 371.060 537.754 B0.0U09 0609528 144552696
0.9751899 3300.000 490.983 3T71.623 538.6%¢ 804143 60.6%9 1.45538¢806
0.9752491 3305.000 491,727 372.186 539.55% BU.276 60701 14555077
0.9753080 3310.000V 492,471 372.749 540.455 80.410 60.862 le4b%62171
0.9753668 3315,000 493.21% 3T3.312 541.3%6 H0.544 6UL9064 1.4557467
0.97%9253 3320,000 493,959 373.875 542.2%6 80.678 ©1l.005 1.4558663
0.9754837 3325.000 494,703 374.438 S43.,156 80.812 61.166 1.4559862
0.9755418 3330.000 495.447 375.001 544,056 BU.Y46 06le268 1. 4561064
0.9155997 3335.000 496,191 375.564 544.956 81,080 61.369 1.4%622066
0. 9756574 3340,000 496,935 376,127 %545.856 81.214 ol.6T1 1.4563671
0.97571469 3345,000 497,679 3The69) 546.1% Bla34H 6le%72 lab5046717
0.9757722 33%0,000 498,423 377.254 547.656 B8l.482 61.673 1.4565885
0.9758293 335%%,000 499,166 3T1.817 548.55%6 Bl.bl6 6l.774 1.4567094
0.9758862 3360.000 499,910 3T8.380 549,455 8l.750 61.876  le4b68300
019759429 336%,000 500.656 378,943 550.355 81.883 61.977 1.4%69520
0L9759996 3370.000 501.398 379.506 551.254 82.017 62.0178 1.4570734
0.92760557 3375.000 502.142 38L.069 5%2.1%4 82.151 62.180 1.4571951
0.9761118 3340,000 ° 502.886 380.6372 553,053 82.285 02.201 1.45731¢9
3385,000 503.630 381.195 553.952 B2.419 062.382 le&4>74389

0.9761677
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_Table A-1 - K. E., Residual Range, and Total Ionization:
’ of p, n and p (continued)
N .
B T(MeV). R(em) 1
. - ‘ - (v/e) MeV-cm
0.9762234 3330.000 - 504.374 381,758 554.852 82.552 62.484% 1.4575611°
0.9762789 3395,000  505.118 382.321 59%5.751  82.686 62.585 1.4576833
0.9763342 3400.000  505.862 "~ 382.884 596.050  82.820 &2.686 1.4978057
0.9763893 3405.000  506.606 383,447 S557.547  82.954 62,1747 1.4579284
0.9764443 3410.000 507.349 384.010 558.448  63.087 ..62.888 1.4580512
0.9764990 3415.000° 508.093 384,573 559347  83.221 '62.990 1.4581741
09765535 3420.000 508.837 385.137 560.245  83.355 63.091 1.4582973
0.9766079 3425.000  509.581 385.700 - 561.144  83.489 63,192 1.458420%
0.9766620 3430,000 510.325 386.263 562.043  33.622 63.293 1.4585433
0.9767160 3435.000  511.069 386.826 562.941  83.75% 63.395 1. 4586614
o.97o769a "3440.000 511.813 387.389 563.840  83.890 63.496 1.4587911
“0.9768234 © 3445.000 512.557 387.952 564.738  B4.023 63.597 1.4589149
0.9768768 3450.000 513.301 388.51% 565.636 84,157 63.698 1.4590389
0.9769300 3455.000 S514.045 389,078 566.535 84,291 63,799 1.4591630
0.9769831 3460.000 514.789 389,641 567.433 . 84.424 63.900 1.4592812
0.9770359 3465.000 - 515.533 390.204 568.331 . 84.558 064.001 1.4594116
0.9770886 3470.000 516.276 . 390.761 569,229  §4.691 064,103 L1.4595362
; 0.9771411 3475.000 517.020 391.330 570.127  84.825 064,204 1.4596608
t 0.9771934 3430.000 . 517.764 391.d493 571.025  84.959 04,305 1.459185¢
1 0.9772455 3435.000 518.508 392.456 571.922 = ¥5.092 0644406 1.4599106
. _ . N
e 0.9772975 3490.000 319,252 393.019 572.820 85.226 64,507 1.4600357 .
} 0.9773493 '3495.000 519.996 393.583 S573.718  8%.359 04,608 1.4601609
i 0.9774009 3500.000 520.740 394.146 574,615  89.6493 64,707 1.4602862
: 0.9774523 3505.,000  521.484 394,709 579.513  85.626 04.810 l.4606117
. ' 0.9775035 3510.000 522.228 39%.272 5/6.410  d5.76C 04.911 1.4605372
0.9779546 3515.000 5$22.972 395.835 577.307  85.893 65.012 1.4606630
‘ : ) C 0.9776055 3520.000 523.716 396.398 578,205 86,027 65,113 1.46078838
| : 0.9776562 3525.000 . 924,460 396,961 579,102 86,160 65,214 1.4609148
- 0.9777068 3530.000° - 525.203 397.524 579.999 #6294 65.315 1.4610409
0.9777571 3535.000  525.967 398.087 580.896 . 864427 . 65.4106 tesollell
0.9778073 3540.000 526.691. 39H.6%0 SB1.793 B6.561 65.517° 1.46129%4
0.,9778574 3545,000  527.435 399,213 582,090  ©06.694 65.618 L.40614199
S 0.9779072 3550.000  528.179 399.776 583.586  66.828 , 05.717 lo4blinbos .
0.9779569 3555.000  528.923 400.337 S84.483  86.961 ©9.820 l.4616731
0.9780065 3560.000 . 529.667 400.902 585.380 7.C%4 165,921 L.4617999
i . i i
0.9780558 3565.0U0 530.411 401l.465 5686.2/6 87,228 '66.022 1.4014263
0.9781050 3570.000  531.155 402.028 587,143 87,361 66,123 1.4620538
0.9781540 3575.000  531.899 402,592 568.069  B7.495 66,274 1.4021810
0.9782029 35£0.000  932.643 403,155 5d8.496" B7.028  66.32% 1.4023082
0.9782516 3585.00C 533.386 403.718 589.862 8l.761 664426 1.4624355
-
‘
1
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Appendix II Energy Spectra of K“ and t'!

3

The energy spectra of K“

‘ 3
groups21'23. More than one form has been proposed for each spectrum

and T' have been studied by other research

under different hypotheses of interaction metrix 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_u2l,22 and A-523 as a handy reference.

In order to check the effect of uncertainties in these épectfa

on our results, several varied energy spectra for t' and'Ku have

3

been generated respectively by varying the related parameter within

23

its error range and by using our measured ratio Kp3/Ke The effect

3"

has been found negligible.
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Appendix TII. Positrons in the Experiment
In this‘appendix'we shall elaborate the evaluation'offtwo‘impor-_
tant quantltles related to the p031trons in thls experiment. ‘One

is the: mean blob den51ty of the e tracks of K events, and the other

e3

is. the number of e tracks produced around the scan volume in the stack.

(a) Mean Blob Den51ty of the e ‘Tracks of Ké3 Events: ~The rela-

- was definedvin”Chapter III by Eq.

e3

(3-12): ‘

€37 A < }-l m(Bys .'B)_-J = ¢ G

o min T |
. which can be simplifie&’bytndrﬁglizing'jgg to unity into the following
form | -

C=- s ' . - 4aN o

: 663 = l— mB25 +;\-/NB., o B d.B dB
L S min

IWhére'm is %o be determinedv*
To evaluate the 1ntegral contalned 1n the above equatlon, we might;

-flrst thlnk of the technlque 1nd1cated 1n Eq (3-19) However, this

x technique is not appllcable although the energy spéctrum gg’“for the
Ke3 is knovm21 22. The reason for thls 1s that the p051tron range is
l3

.on- an ind1v1dual bas1s because of radiatlve loss" of

gg cannot‘be-ea31ly’def1ned as
in the case; of T or M (1. e. by measuring both the range of a track and

energy In other words, the quantlty

-its blob dens1ty at its origin and by use of a range-energy curve such

as shown. in Fig A—2) v For this reason we have to resort to a purely
empirlcah method

dB dB (See Chapter III), we! can interpret

By the definitlon of ——m

£
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the integral as follows:

max aN = +
. B ——— dB = B (Mean blob density for the e tracks
aB .
of the K _ events)
B . e3
min

The value of B can be determined by measuring the blob density at

K+'decay point of each e+ track for all Ke events and taking the

3

average of the measurements. As the result of our blob counting for

the Ke3 events, we have obtained
BT 17.81
or
Bmax -
f B—5 4B - 17.81 | (A-3)
B . :
min

where an approximation is made because not all Ke events contained id;-

3
the sample have been observed. ‘
By substituting Eq. (A-3) and the value of By (i.e. 38.6k blobs,/100u)

into Eq. (3-12), we obtain Eq. (3-20) which relates ¢ _ tom in a simplé

e3

way.

‘ +
(b) Average Ratio between e and (r + p) Tracks around the Scan

Volume:"As the final products of all decay modes of K+ meson are e#
and v, it ié:essential to know the spatial distribution of the e#_
tracks in order to evaluate the number of possidle errors in the first
ﬁrack folldﬁing. Although thevanalysis carried out below is a rough

! 4

approximation, it proves to be useful in the quick evaluation performed

in Chapter III.

. "
(1) Mean Energy, Mean Free Path for the y and e in Different

Decay Modes: From the energy spectra of different decay modes, we

<o
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are able to list the mean energy2

~67=
1,2k

energy for y and for the pair production in Table A-2.

of the ﬂo and the related mean

Table A-2 Mean Energy, Mean Free lz’a’t;hl)+ and Approxi-

T , __’:
13 of y and e_

mate Range
. E or E (MeV) A(em) ﬁe(cm)
Decay Mode : o 7 )
(Mean Energy) (Mean Free (Approxi-
’ ' Path of 7) | mate_Range
of e )
o) * ‘
7 y e
K“3V—> u‘nov ' . . 3 o
2y 220 110 55 5.04 L.6
Ly ye
K > e v ‘ X '
e3 [ 240 120 60| 5.0 4.9
Le v
K s 0 N : ‘
n L he ) N N
" . 2Ls 123 62 5.00 4.9
p— e : , .
Y + 00 .
TN - wan .
L L, 8e —35" A8 g7 13+00 P
+ ~
€ les 53 42, . 676 3.

ot

* ‘ + .
(ii) DNumber of e_ Tracks Produced per 100 K Mesons at Different R:

7
%

As the scan volume is small compared with_@he whole stack, it can be

considered a point source of all secondaries: Then the total number

o+ .
of the e~ tracks produced from all the modes at a distance R' from

the scan volume can be expressed by:

-

.i:‘ SN ?
YAED
Z
<
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n (R') = 100 [ hrt (1 - e B /50y 4 e (1 - oRY/5:0L
e H3 : e3 :

+ 2r' (1 - e-R'(S'OO) +:8r%,(l - e-R'/l3'O)

72
- S (a-k)
+ o+
(from 2x ) (from lx )

o N ,
Hence the increment of the e +track between R' and R' + 4R' can be

‘ ' T+ a
calculated by taking (dne/dR’)dR'. Since all the e~ tracks cannot

travel indefinitely without annihilation or absorption in emulsion,
i : ’

we have to0 make corrections for this effect.  For simplicity, let us
P s + : .
suppose all e ‘tracks produced from all the modes had a single

, ' ' ‘ ' £ -
range of 4.5 cm. Then we obtain the total number of e  tracks at

L

different R as

R ) = dn ' , .
Ne(R) = f H[ (R" + L4.5) - RJ dR‘? dar' ‘ (A-5)
0 ' ‘ o

1LatR<R'"+ 4.5 cm

,whére | H[ (R' + 4.5) - R) q{ ={ (A-6)

v Oat R>R'+ Lk.5 cm
After performing the numerical integration of (A-5) we obtain
N (R) as & function of R, which is plotted in Fig. A-6.

| .
(iii) Number of n and yu Tracks at Different R' from All Modes:

By neglecting the small contribution due to T and t', we can estimate

Nn(R) from K ., by considering the fact that a n track with 23 blobs/

72
100p or of & residual range ~ 4.3 cm (i.e. 1.5 minimpm ionization);

: : +
could not be mistaken for an e track of minimum ionization. In other
words, we would includé a 7 track from Kné for only 7.7 cm. We thus

obﬁain '




,where_ o1 | 7.7 - R ] =?{

. oo
N ® =, El 7.7-R] .= 193 BL7.7-R] (&)

1 a8t R< 7.7 cm, . .
. : (A-8)

_ 0 at R Z T.7 cm.
For the‘spacial distribution of 5 tracks,_we consider that all u
tracks either from K'
‘ V724 M3

12.5 cm for e . We may thus write down NM(R) as

or K , could be misteken within a distance of

Nu(R) = rLEA + rL3 = 61.8 "+ 5;&_ = 67.2 - I (A-9)

The distributions N and N are plotted in Fig. A-6.

(iv) Average Ratio Between'Ne:and (Nﬁ + Nu):' From Fig. A-6 we

can evaluate the average ratio between N_ and-(l\TTt + MM) over a distance

from R = O to R = 12.5 cm. The results lead to
;  12.5 cm

Né(R)

0 N [N (R) + N“(R)]

dRr

— = 36% (A-10).
12.5 cm . : .
. dR
0
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Appendix IV n-Decays in Flight

The possible number of n-decays in flight among Kﬂ2 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 begn observed among our 134 Kﬁ2 eveﬁ?s, gome of them may have been

mistaken for Ku and some included In thellost or out of stack events.

3

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.

N

Let N, o = No. of ‘n's decaying in flight in a total of N, events.

By definition, Nd.f can be related to N#e by the following egquation:

N =N (1 - e t{T)l: _A  (A-11)

a.f. 72

No. of X , (includes both n decaying at rest and in flight)

where Nﬂ2 =
o0 9 . x ,
t == 2,84 x 1077 sec (Moderation time for a 108.6 MeV x from
P ‘ . _ .
5
, _ Kﬂ2)2 "5;“_
.and
f = 2.55 x '10_8 sec (Life time'pf ﬁf)26
By approximating N&e - 134, we obtainv B
Ny p, = 134 (2 - e“9'0¥§6)_; 2.28 , (A-12)
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