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Rotert Lamar Beck

Lawrenue Rndiation Laboratory
University of California -
Berkeley, California

July 28, 1966

ABSTRACT
K+ - meéons in a momentum-analyzed beam were identified by
a velocity selecting Cerenkov counter and brought to rest in a bery-
1lium target whiph served as a source for a broad-range magnetic

spectrometer. Muons and pions from the decay modes

K:2 BT P, = 236 Nev/c
and

+ + o} R

K,—-n +x P_ =205 MeV/c

were identified by momentum and range, and a value 2.3l t .24 for the
relative branching ratio KpQ/KﬁQ vas obtained. The value is compared

with results of other experiments.
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I. INTRODUCTION

The principal decay modes of the charged K meson are listed
in Table I. Other decay modes have been observed, but because of
their small branching ratios these modes will not concern us here.

The scatter in the measured Kn2 énd Ku2 branching ratios has

1,7,8 and has even led to speculation

been noted by several authors,
that the differences between the xenon bubble chamber results.and the
results of experiments 1, 2, and 3 of Table I may have some physicai
basis.* Hovever, it can be seen that the second xenon Kn2 branching
ratio (experiment 6) agrees well with experiments 1 and 3 of Table I,
and does not disagree strongly with experiment 2. At the same timé

it does not agree at all with the first xenon K2 branching ratio.
Shaklee et al,6 indicate that the discrepancy is connected with the
difficulty of separating the Kx2 and Ku3 modes; andzbelieve that fhe
discrepancy in the two xenon results reflects a systematic error in the
experiment of Roe et al. Additional information on the Kna mode is

provided by & recent measurement by Callahan and Cline, who obtain

a branching ratio of (21.0 + .6)20, consistent with the second xenon

*The xenon experiments distinguished the Kn2 from the Ku2 mode
by identifying the n©® y-ray conversions, whereas experiments 1, 2, and
3 identified these modes by following the charged secondary partic&e.
-Goldberg and Landovitz! and Everett postulate a decay mode Kt —x + X
‘where x is a stable neutral meson (or "shadow pion") of mass m ,
which would resolve the apparent discrepancy between the xenon %WO-body
branching ratios and 1, 2, and 3 of Table I. The xenon experiments
would identify this decay as Ku2, while the other experiments would
class it with the Kx2. :



Table I

Decay Iiode - Béckerl Birge2 , : Alexandef3 Taylor'h Roes. Sbaklee6 Callahaneo
Ki2 o + v 57.5% 3.8  58.5: 3.0  56.9 2.6 - 65.2 + 1.3 63.0 + 0.8
Kn2 s 5 + 50 ‘25.0 t-3.3 27.7 + 2.7 23,2 + 2.2 18.6 + 0.9 22,k ¢ 0.8 21.0 + 0.6
K3 -t o+ 120+ v 2.8 + 1.0 5.9 + 1.3 2.8 + 0.4 4.8 + 0.6. 3.0 ¢ o.s.
Ke3 —e +x° +v 11.8 + 2.0 3.2 + 1.3 5.1 £ 1.3 5.0 £ 0.5 L7 0.3
L 2 2.1 + 0.5 2.2 £ 0.1 1.5 + 0.2 1.7 + 0.2 1.8 + 0.2
L2t 4w 5.7 + 0.9 5.6 + 0.4 6.8 + 0.4 5.2 + 0.3 5.7 + 0.3 5.1 + 0.2
Ku2 /K2 2.30+ .34 2.11+ .22 2.45¢ .25 3.45¢ .18 2.81+ .11 o
 elium Bubble Chamber (K;)
2’3’hh'uclear Exulsion (K')
5’6)(enc>n Bubble Chamﬁer (K+)
20preon Bubble Chamber (Kf)

-« 3 - 2 < .
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resulf, buf not with the first. The models proposed in references
T ana 8 appear to be rulled’out by this experiment, since it identified
the Kn2 by observation of the ﬁ+. It_should also be noted that this
last Kn2 ratio differs by only 1.2 standard deviations from that of
Becker et al., and therefore does not support the contentionzo that

the Kn2' and K2~ branching ratios are consistent.

The ocbjectives of the experiment reported here were the measure-

‘ment of the momentum depenaence of the Ke3 and Ku3 charged spectra

above 100 MeV/c and their partial branching ratios relative to the
Ku2/Kx2. Identification of these modes was to be made on the basis
of range (pions vs. muons) and velocity (muons vs. positrons) in é
threshold Cerenkov counter. However, limitations imposed by back-
ground contaminatioﬁs and low counting rates made it impossible to
determine the Ke3 and Ku3 spectra clearly. |

We report here & measurement of the relgtive branching ratio
Ku2/Kx2. -The Kx2 pion -and Xu2 muon were identified by momentum and
raﬁge. In outline the report consists of a description of the experi-
mental method and equipment, analysis of data, and a discus;ion of

calculated corrections to the observed Ku2/Kn2 ratio.
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II. EXPERIMENTAL METHOD AND EQUIPMENT - ?

A. Beam Layout

The K beam layout is shown in Figure 1. The internal Bevatron
production target was of tungsten alloy, 3 x 1/2 x 1/4 inches, located
in the west straight section of the Bevatron. Positive particles

produced at 260 to the circulating internal proton beam of approximately

- 10" protons per pulse entered the K beam channel after passing through

a thin window in the vacuum tank of the Bevatron. The becam was momentum

2o

analyzed by Ml, a 16" x 36" C magnet, with eight inch gap, and broucht

to a first focus inside the field lens S by the action of Ql, & quad-
rupole doublet with dimensions 8" x 16" x 16". S was a quadrupole
singlet, also 8" x 16" x 16".

The second half of the beam system was a mirror image of the
.firét, and produced a finalafocus jusf béfore the Cerenkov counter,
which provided electronic separation between K mesons and other particles
in the béém. Verfical horizontal beam profiles measured 1 foot down-
stream frém the Cerenkov counte: are shown 1n Figure 2.

After leavingbthe Cerenkov counter, the Beam particles passed
through a thickness of cépper degrader sufficient to bring the K mesons
to rest in a beryllium-scintillator target sandwich located at the

source position of a broad-range magnetic spectrometer. The particle

flux into this target was approximately 50,000 x's and 300 K's per u

pulse.
L lb‘«

B. Cerenkov Counter

’ !
" The Cerenkov counter used to identify K mesons in the beam is

shown in sectional view in Figure 3. The section is along the diagonal

U
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of a hexagon; the complete counter consists of three such sections,
symmetrically disposed around the beam axis at 120° to one another.

The Cerenkov radiator was liquid Fluorochemical (FC-75) in & cylindrical
lucite container. The exit face of the radiator had positive curvature,
of 8 inch radius. A particle of velocity P traversing the radiator
produced a.cone of Cerenkov light of half angle © =,cos'¥ 1/nf where

n is the refractive index of FC-75 (n = 1.28). The 1light produced

by K'mesdns left the exit end of the radiator and was refracted to a
wider angle determined by the curvature of the exit face. This light
was refiécted from a plane mirror and was then transmitted by spécular '
'reflectiQA down aﬁ aluminum light pipe to the photoéathode of an RCA
7046 photomultiplier tube. Light leaving the ;adiatdr at a greater
angle (corresponding to a lighter particle at that momentum) was
prevented from enterihg this light pipé by & circular aluiinum baffle
(not shown). The light frdm'pions of the same momeﬁtum was directed
into a similar ring.of phototubes, as shown in the figure. Hence

the six phototubes in-the ring on the downstream side of the Cerenkov
counter viewed pions; vhile the six upstream phototubes were positioned

 in the K meson light cone.
The ﬁhototubes in the K meson ring were divided into two

groups by adding the signals from alternate tubes around the ring.
A.céincidence between these two groups was required for the K "yeé"
signal - i.e., two non-adjacent phototubes in the K ring were required
in coincidence for the K identification. The pion antiéoincidence
signal was obtained by adding all six chaﬁnels in the pion rihg; hence

a signal from any pion phototube provuded a "no" signal, thereby
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rejecting that particle.
Figure 4 is a plot of the counting rate in the K meson channel

versus radiator position.

C. Electronics

Figure 5 is a simplified schematic drawing of the electronics
used in this experiment. With the exception of the target and beam-
monitor telescopes, the positions of all counters are shown in Figures
1 and 6. With the exception of the beam Cerenkov counter, all the
counters shownvin Figures 1 and 2 are standard UCRL plastic scintillators,
viewed by RCA 6810A photomultiplier tubes. The target-monitor tele-
scope counters Tl, T2, and T3 were located in the shielding wall of the
Bevatron and viewed the internal target at 90o to the proton beam
direction. The coincidence rate in this teléscope provided a measure
of the proton flux incident on the internal target. Counters Ml and
M2 were_lpcated on opposite sides of the beam Cerenkov counter and
served to minitor the rate in the secondary beam channel.

The Cerenkov counter has already been described. The two "yes"
signals from the K+ light chamnel were put into separate coincidence
channels of modified Garwin coincidence circuit9, and the "no"
signal was put into an anticoincidence channel of this circuit. All
other coincidence circuits shown in Figure 4 were the fast 3-channel
coincidence—anticoincidence units designed by Wenzel.9

A "target-stop" was defined by the coincidence T ne,vﬁs. The
cutput from this coincidence unit was put into a coincidence channel
in the Garwin coincidence circuit. The beryllium target sandwich is

described in Sections II-D. Al is the last target dividing scintillator
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on that side of the target which faced the magnetic spectrometer.. B
and £C represent the outputs of active adder units into which all B
and C plane counter signals were put.

The coincidence Al IBLC indicated that & charged particle had
entered ihe spectrometer.

The requirement for an output pulse from the Garwin circuit
was therefore the coincidence

CKpﬁ X nlx2n3 x Al IBEC

This output pulse was used to open a gate to the six 15-channel mixer-
gate circuitslo, through which were.routed the outputs from all the
counters associated with the braod range magnetic spectfometer. The
output of each channel of each mixer gate circuit was fed into & con-
tinuous 50 ohm tr;nsmission line, with 50 nanoseconds delay between
adJacenﬁ_channels to provide separation of the pulses on the oscilloscope
display. The outputs of all six mixer gate units were displayed and
photograp?ed on & Tektronix 517 modified 4-beam oscilloscope. The
oscilloscope and camera triggers were derived from the negative
cdincidence output of the Garwin circuit, and the mixer gate signal

from the positive Garwin output.
fr

D. Broad Range Magnetic Spectrometer

Figure 6 shows the broad-range magnetic spectrometer used to
analyze the decay products of the stopped K+ mesons. The spectrometer
consisted of a standard UCRL "H" magnet (Atlas) in which the conventional
18 x 36 inch fectangu%ar pole pieces were replaced by circular pole
pieces of 18 inchxradius.. In add;tion, a quadrupole singlet lens,

i1 .
/

/!
!
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lens, 16 inches long with 8 inch bore, was attached as shown in the
figure. ‘Ihe theory of this spectrometer has been extensively discussed

in the literature,ll’la’l5

and only a brief description will be given
here.

Figure 7 is & schematic diagram of the spectrometer, drawn to
111ustrgte the focal properties. In this figufe the field is takén
to be uniform within the radius R, and zero outside this radius. Use A
of the quadrupole léns to increase the effective solid angle of fhe |
spectrometer was éuggeéted by Enge.12 The net increase of solid
angle ih this spectrometer is approximately a factor of three. Analys;s
of the idealized spéctrometer of Figure 7 leads to the following -

results:

a. The focal surface of the spectrometer is a segment of a

~ hyperbole. In order for the focal point to be at a finite distance

and outslde the effective field region, the radius of curvature of
the parﬁicle orbit xﬁust lie between 3_—- and R J.B; i.e., the momentum
band accepted by the spectrometer is given by &P = PO(JB -;579 where
Po is the momentum of that orbit which is deflected through SOO.

b. The magnification along the focal surface is less tﬁan unity,
and greater than unity in the axial direction, thus'necessiiating the
use of wide detectors;

‘The reéolution of the spectrometer was limited in fact by the
dimensions of the source and the detectors} primarily the former.
The source dimensions were dictated'by the requirement of a useful

K stopping rate in the beryllium target sandwich. In designing this

target three considerations had to be weighed:

e et e
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a. The yield of K mesons from the internal Bevatron target is
greater at higher take-off momenta.
b. Losses by decay in flight are less at higher momenta
- ¢. Higher K beam momentaAwould require a greater thickenss of
degrader.before the berylliium target, increasing the loss of K's by
nuclear attenuation.

Preliminary célculations indicatedvan optimum K stopping rate‘
for a beam momentum of 800-1000 MeV/c, and in the tuneup phase of the
experiment this rate was found to be optimum at 950 MeV/c. At this
momentum,'eleven incﬁes ofvcopper degrader were required td slow the
K mesons sufficiently to bring them at rest in the béryllium target.
Figure 9 shows the stopping rate in the beryllium target as a functioni‘
of thickness of degréder. Since the beam leaving such a thickness of
éopper is spatially diffused, and considerably smeared in momentum, the
beryllium target slices were made 8 inches high and 8 inches in the

beam diréction. The target was made of ten such slices, 200 mils

thick, spéarated by scintillators 8 x 8 x 1/16 inches. These target-

sub-dividing scintillators (denoted as Al through AlO) made it possible
to correct the decay events for momentum losses in the target sandwich.

The pole pieces of the spectrometer were covered by large

- secintillators to permit the identification and rejection of scattered

events.

y Figure 8 shows the focal plane counters in more detail. For
mechanical reasons, the focal plane ﬁas divided into three parts,
denoted as "F", "H", and "I" planes. Behind the F and H planes was

placed a thickness of degrader (carbon on the F plane, aluminum behind
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the H pléne) of a thickness sufficient to stop pions and to degrade
muons below threshold for Cerenkov radiation in lucite. This degrader
was followed by & two-inch-thick lucite Cerenkov counter on the F

plane, and a five-inch-thick lucite Cereknov counter on the H plane.

"The F plane Cerenkov Counter was viewed by one RCA 7046 photomultiplier,

and the H plane Cerenkov counter was viewed by five RCA 7046 photo-
multipliers. The carbon absorber following the F plane was subdivided
into foﬁr thicknesses by four scintillation'counters; the aluminum
absorbervbehind the H plane was also subdivided into four thicknesses,
by a tot#l of eight scintiilation counters. Ranges were not measured
on the I plane, (P > 230 MeV/c).  All range counters ﬁnd focal plane
counters shown in Figure 6 were of plastic scintillator, viewed by

RCA 6810A photomultiplier tubes, as were also the B and C plane

~counters and the ten scintillators vhich subdivided the beryllium target.

E. The Orbit Tracking Program

Iniordervto calculate solid-angle and other corrections to the
data, an orbit-tracking program was written for the IBMY7O94 computer.
For this éurpose, magnetic field measurements were made throughout the
useful volume of the spectrometer, with fhe aid of the magnet testing
group. To avold limitations of time and core storage, these data wvere
not used directly iqvtabular form in the program, polynomial fits being
used instead.

1. The Quadrupole Tracking

The coordinate system is shown in Figure 6. The quadrupole was .

divergent in the X-Z plane, convérgent in the Y-Z plane. The equations
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‘

of motion, to third order in the displacements (x,y) and slopes (x',y")
1 ‘

are

x" - keg(Z)x

B (eX(3x% y'B) - ex'y'y - g'ayy' - £ x (F+ 37))
| | (1]
y" + Ka(z)y

~k2<%z(5y'2+X'2) - ex'y'x - g'xyy' - %%x-(y2+5x2))
vhere k- = 1/(1313p) numerically, if g(z) is specified in gauss/inch
and p is in Mev/c. The primes denote differentiation with respect to
z. Inside the central region of the quadrupole, g"(z) = 0, and g(z)
is justvthe usual quadrupole gradient: B_ = g(O)y, By = g(0)x. The
trécking through the‘guadrupole proceeds as folléws:

To start the solution, the equations

x" - kgg(z)x 0

0]

"+ Kog(2)y
are solvgd. The quadrupole is treated as a succession of elementary
quadrupoles, eéch of length one inch, with the appropriate g(z).

By use of.the usual quadrupble transfer métrices, an aﬁproximation to

the trajectory is tabulated at intervals of one inch in z: ‘

| sinhg sin 8 || .
cosh§f = !Xi l Yim cos @ m ¥y

; =

it ' - !
X1 Vi ksing cos ¢, y]

X1

o
X

ksinh@ cosh@
vhere § = k«fé(zi)azi and where x, means x(zi), etc., Equations [I]

are now written as four first-order equations:

ut = K (ex + & (3x% yB) - ex'yry iy & x(E + 37) 1Ime
x! =u | ' - | IITb

’ : B " ' [III)
v iy + Byt + 2 axty'x - glax'- G5 v(v% 32 ITIc

yt=v IIId
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i may be tabulated, using the first approximations to Xy s xi,

y;» and y; in Equation [IITa]. Now, w, is given (initial slope x'),

Hence u

and u, may be found by the trapezoidal rule:

u2 f ul +(21;;%—-)AZ,

The remaining u, may be found by Simpson integration:
= A_Z_ . t t [}
u = Uy o0) +3 (u (1-2) + hu (1-1) +u i)
These improved ui's may be integrated in the same way to provide the

's in the second approximation. These u,'s and x,'s may now be

X , 1 1
used in equations IIIc to find improved vi's, and so on. Three or
four cycles through equations [III] are sufficient in practice; the
fractional changes in the positions and slopes at the exit end of the

quadrupole in the next iteration are 0.1% or less.

2. The Spectrometer Tracking Routine

Through the spectrometer, the position at any point on the
trajectory is given by x; Y, and z, where 2z is now measured from the
centgr of, the specﬁrometer (i.e., the origin of coordinates has been
tfanslated from the target to the center of the spectrometef, but
without rotation, so that x and y are beforé). The direction (or
vector momentum) at any point along the frajectbry is specified by
the projected angle in the x-z plane, (@) and the angle of the

inclination to this plane (V¥), so that the momentum components are

Px = P“ sin © ?l_ = Py
PZ = P“ cos O P” = ? cos V¥
J 2
P = P i . = + '
y sin ¥ P =VP + B

where © is the angle between the Z-axis and the x-z projection of the
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trajectory. The symmetry of the magnet allows the separation of the
field into an axial (By) and radial (Br) component, both functions
of y and r‘J‘x? + z°. In a uniform axial field, (By = constant, B,

= 0) the trajectory in the field region wbuldvbe a helical arc of

pitch ahgle V. By treating the orbit as a series of short helical

. *
arcs, the tracking routine takes the simple form Xy =% *+ Axi,

etc, wvhere

Axi : A O, B cos Oi
&y =p |08 tan V¥ O 1
4“1 B ‘ 0 -A sin 91

13178,
_pis is the projected arc in the x-z plane, Py = ——1—733- is the

radius of the projected arc (p in inches, p in MeV/c

l - cos d

A
B = s8in &

® may be gpecified in advance, so that A and B need be computed only
: {

dnce. The change in direction (projected) along the trajectory is
simply a rotation in the plane:

sin © l-A B sin 6, ‘cos & sin B sin Oi

i+l

[

cos gi+1 -B l=A cos Oi ~-gin & cos B cos Oi

VWhere Br is'finiﬁe, the pitch angle also changes:

A term roportional to ’QL x B I is neglected here, since
IQL x. B, { << I?P x B everywhere. Comparison of these orbits with others
calcula%ed without afprox1matlon shows that no appreciable error is
introduced by neglecting this term. Both methods of calculation

agree well with measured orbits obtained by the floating wire metnod.
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‘B.sine > F’| +B
x (l+tan“y,) where sin ¢ = 3
By . 1 P Br

Tan W1+l = Tan Wi +

By(r,y) and Br(r,y) are computed from polynomialnapproximations.

3. Momentum Dependence of Solid Angle of Spectrometer

The momentum dependence of the solid'angle of the magnetic
spectrometer (Fig. 10) was determined by tracking a 'la.rge number of
orbits ﬁifh the orbit tracking program. These orblts were sent into
unit elements of area on the unit sphere about the source point in
the target, so that all orbits had ;gual weight in the finai summation.
The sourée poiﬁts weré taken in a grid over the target volume, in
order to obtain a taiget-averaged solid angle. The stopping distribution
of K's in the target'was(taken to be uniform in this calculation; ‘
this is a valid approximation over the target volume contributing to
the solid angle, in view of the rather broad momentum distrfbution of
the incident K beam (see also Section III-G).

| Thg expected range distributions of pions and muons were obtained
at the same time, by following each orbit the appropriate distance
into the array of counters and degraders behind the focal pléne, (see
Fig. 8). The pion range distributions were corrected for losses by
nuclear attenuation in the aluminum absorber. A collision mean free
path of 22 inches was used here, corresponding to an absorption
cross seétion of BOOvmillibarns.l6 The contribution of elastic scat-
tering to this attenu;tion was neglected in this calculation, since
-the range-dividing counters subtend most.of the forward hemisphere and '

would therefore intercept the main elastlic diffraction pea.k,17 The

loss of Kx2 pions by this means was calculated at 15%. This loss occurs
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in the first two slabs of degrader, since events with fewer than

two range counts were rejected in the data analysis, {see Section III-A).

ITII. DATA ANALYSIS

A. Selection Criteria

-Film taken on the four-beam oscilloscope (seé Section II-C)
was read‘by film scanners and recorded on data forms. Those events
meeting preliminary criteria ((a) below) were then punched on IEM
cards as input to a data-sorting program written for the IBM 7090

Computer. Events meetlng the following criteria were selected by the

' sorting'program‘for final analysis.

a. An entrance counter sequence was present; i.e., & B plane
signal, a C plane signal, and one of the nine possible target-counter
sequenceé (Al, ALXA2, ALXA2XA3, etc.) was present, and a focal plane
coﬁnt (F, H, or I plane). .

b. No pole-piece anti-counter signals were present. (192 rejections).

c. Alcoincidence-with & least two range-dividing counters was
required for all events on the F and H counter planes. (980 events
rejected). These counters (shown in Fig. 8) were arranged so that
pions would penetrate‘at least two, and muons and electrons would
penetrate at least three. By requiring two or more range-dividing
counters, background protons were rejected. Some pions were lost by
nuclear absorption before attaining their normal ranges, and were
therefore also rejected by this requirement. The observed Ku2/Kﬂ2
branching ratio is corrected for this loss.

To eliminate film-scanning errors from the final data, all



- volume diminishes at the ends of theispectrum. The correction is
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events surviving'the ahove tests were rescahned by the senior film
scanner. The final data consisted of 4852 events.

Figure 11 is & histogram of the final data, corrected for the
variation of'the solid angle of the.spectrometer with momentum, and
for momentum losses in the beryllium t#rget. Since these losses are
different for muons and pions, an average correction was used. The -
momentum uncertainty’thus introduced is 5 MeV/c on the F plane, hence

a coarse momentum interle has been taken. ‘On the H plane the uncertain-

ty is only 2 MeV/c, and it is completely negligible on the I plane.

An additional:correction was made at each end of the spectrum,
fdr.the following reason: a particle whose momentum at point of origin
in the target is aboﬁe the momentum cutoff of the spectrométerlmay
still be counted if it loses sufficient momentum in the target, while
a% the low momentum end‘a particle may be lost because its loss in

the targét left it below the momentum cutoff. In effect, the target

again dif}erent for pions and muons, but negligibly so at the high-
momentum end.. At the low-momentum end an averaged correction was used.
In the following two sections of this report we will be concerned
with finding whaf fraction of the data of Figure 11 must be subtracted
as background, énd with determining the relative numbers of pions and
muons in the data above 170 MeV/c. Both of thése problems are greatly
simplified.ﬁy the fact that the K" decay products above 170 MeV/c
consist almost entirely df Kn2 pions.and Ku2 muons. The results
obtained in the following two seqtions énable us to separate the data

above 170 MeV/c essentially into three components: Kn2, Ku2, and
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background. The remalning sections of this report are devoted to
calculation of corrections for losses of Kx2 pions, and some minor

contaminations to the Ku2 mode.

B. Background Subtraction

From the measured integral range curve it is known that some
of the "K stops".are in fact pions. These counts may be attributed
to pions which traversed the beam Cerenkov'counter at appreciable
angles to the main beam axis (thus.counting in the K channel of the
Cerenkov counter) and then underwent nuclear interactions in the
béryllium target, thefeby missing the anti-counter behind the target.
In order to determine the contaminatiop of the K~decay spectrum
arising from these pion-interéctions in the beryliium target, a
series.of‘background data runs was taken. These runs were taken ét
reduced beam, with the K and nx channels of the Cerenkov interchanged;
under these running conditions a pure background spectfum was obtained.

.A,iinearvleastﬁsquares fit to the background pion spectrum is
- shown injfigure 12. _The discontinuity at 230 MeV/c results from the
fact thaﬁiranges weréinot measured on the I plane, hence it ﬁas not
possibleito reject thé:short-range events, as was done .with F and H )
plane data. To-allovjfor this expectéd'discontihﬁity:the fitted.
function was taken as - |

B(p) (A+Mp) - p<230 MeV/c

i

T(A + Mp) ' p > 230 MeV/c
where B(p) is the relative background intensity, A, M, and T are
constants to be determined by the, least-squares fit, and p is momen tum.

The least-squares fit just discussed gives the form of the
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background pion spectrum, but does not tell us how much background
must be subtracted from the total data. To see how this subtraction
may be made, we recall (from Table 1) that in the absence of any backe
ground the F plane data would consist of events from four three-body
nodes: Ke3, Ku3, © and 7', while the H and I plane data would consist
of Ku2, Kxe, Ke3, and Ku3. Other contaminations to the data (chieflyv .
from Kx2 pions decaying in flight) are discussed eisewhere in this
report. Taking account of these decay modes, and claculated contam-

inations, it is found that (in the absence of background) the ratio

R = total data on H and I plane
~  total data on F plane

should be 9.2 + .5. The error in R is determined by the errors in the -
branching ratios quoted in Téble 1. The background may be subtracted
now by requiring that the data remaining after subtraction satisfy the
ratid R In computing this ratio we have used weighted averages of

the branching ratios quoted in Table 1; specifically the two-body sum

Kn2 + KQQ‘and the three-~body branching ratios relative to this sum.

{
It should be noted that our use here of the Kn2 + Ku2 sum does not

conflict with the independence of our result, since we measure the
ratio Ku2/Kx2. The experiments of Tasble 1 agree within statistics'

on this‘éum, but not upon the ratio, as has alreédybbeen indicated in
owr introduction. It éhould also be noted that the data on the F |
plahe-includes contaminations from the two-body modes (e.g.;lmuons
from Kﬁé’pions decaying in flight) which must be normalized in this
éalculation to the observed Kn2 and Ku2 peaks. These peaks in turn
are not determined until after the background has been subtfacted.

It was therefore necessary to iterate the solution to obtain a self-
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consistent background normalization.

The (calculated) three-body spectra used in this normalization

18,19,21

are consistent with results of recent experiments. All K+

decay components and calculated contaminations entering into the back-

ground subtraction described here are tabulated (Table III) and

described in more detail in Sections III-D and III-E.

In subtrgcting.the background in this manner, we are in effect
finding & nimber (N + AN) such that when we subtract (N.+ AV)(B(p) t
&B(p)) from the data of Figure 11, the remaining data satisfies the
ratio R above. (B(p) is also defined above). In addition to the error
in h, statistical uncertainties in our total data and background data
contributé to AN. The error in B(p) is found from the error matrix of
the leasé-squares fit fo the background data, and includes the correla-
tions between the parameters in this fit. Figure 13 shows the data after
subtraction of the normalized background. “

In the following section it will be explained how the information

: i
provided by the range sub-dividing counters behind the H focal plane

was used to separate the data on this plane into pion and muon components.
Together with the background normalization above, this information

tells us what f:action of the data of Fig. 1l is pions, and what
fractionvis;background. By subtraction we obtain the range~separated

data of Figure 15.

C. Identification by Range

As shown in Figure 8, the F and H focal planes were backed by
slabs of carbon and aluminum, respeétivély, separated by range-dividing

scintillation counters. The observed range distributlions for the H
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plane are given in Figure 14. The expected range distributions: for

n's and pu's were calculated with the aid of the orbit tracking program,

and the observed distributions were separated 1ﬁto n and y components.
.The observed range distribution of each bin in Figure 14 may

be thoughf of as a vector, 53 having three components, nemely, the number

of counts in counters RHz; RHB’ RH&' The range calculations indicate

the plons end in range intervals RH2 and RH., while muons end in the

3
intervals RH3 and RH&. In the following discussion these calculated
range distributions are denoted as x = (nl, ua,'o) and g = (0, Mo “3)
vhere the sub;cripts 1, 2, 3, refer to range intervals RH,, RHB’ RH),.
The fits were made by forming a comparison vector T = N“E? + N“E’ and
then finding those values of N_ and Nﬁ (for each of bins 17-27)

which minimizé the sum

| (p,-6,)°

1 Dy

3
S =2z
i=
vhere D.,. .y = number of counts in - e mini val f
er 1(?,3) n of co RH?(},&) The minimum values o
S obtained from these fits should be distributed as X? for one degree
of freedom. The results of these range fits are given in Table 2,
which shows the fracfion of counts identifled by range as pions for
each focal plane bin. This information permitted the separation of
the data into pions and muons over the momentum interval 170-230 MeV/e,
which included the range of overlap of the Kx2 and Ku2 modes.
Figure 15 shows the data after separation by range over the
interval 170-270 MeV/c. Since the rénge information does not extend

" above 230 MeV/c, the Kn2 data point at 237.5 MeV/c is extrapolated from

the fit to the Kx2 data, and subtracted from the total data to obtain
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Table II

F(Me\i/c) Bin ' Nﬂ/(Nﬂ»f N)  Error “ ﬁ O?rizi.zgigzv.ﬂﬂ

157 7 .595 - .ou8. 1.17 28
167 18 .539 .076 3.94 S
176 19 559 036 1.0k 31
183 20 .595 .03k .02k 88
190 .21 .629 .030 1.8 22
196 22 566 .088 240 12
201 03 . g7 .090 3.29 7
206 o) .37 .03k 35 55
211 25 294 033 .Ob 85
216 26 .238 .033 o .10 5

221 27 233 035 - 1.01 32
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the Ku2 data point at 237.5 MeV/c.

D. Corrections to the Kx2 Mode

As already noted, an appreciable fraction of pions decay in
flight through the spectrometer. The correction for this loss is

calculated in D-1 below. The fraction of Kx2 pions decaying in flight

is .2k to .26, depending upon depth of origin in the beryllium target

(average loss .25). In addition to loss by decay in flight, pions

are lost by nuclear attenuation in the beryllium target and in the
first two slabs of aluminum range behind the focal pianea ‘The aluminum
ranée must be included since events wifh fewer than two range counts
were rejected from the -~ sample. This loss is calculated in the
Seétion DF2, and their effect on the measured branching ratio Kp2 /Kn2
is summarized in section D-3.

1. Pion Decay in Flight

The mean decay length of the Ku2 muon is 4800 feet, hence the

loss of m?ons by decays in flight in the spectrometer was negligible.

However,'the mean decay'length for pions from the Kx2 mode is only 34
feet, and 25% of thesé were lost by decay in flight. ‘A fraction of
the muons from these pion decays reached the focal plane, where they
contributed a small tail to the Ku2 peak. A description of the
calculstion of this muon spectrom from pion decay in given below,

with a summary of the results. Before proceeding with this discussion,
it should be noted that the presence Qf a background of scattered
pions implies the presence of a muon background arising from pion
decays in flight. This background muon fraction has also béen cal-

culated; it ranges from .23 to .20 of the total background across the
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H plane. The momenta and angles of intersection of the ﬁuons at the
focal plane are in general different from those of particles following
continuous orbits through the spectrometer, and the calculation
(described below) shows that most will be identified as pioné,by range.
In subtracting the background from the range-separated data, account
was taken of this muon fraction.

In order ﬁo calculate the spectrum from x decay in flight, the
orbit tracking program was modified as follows. Each orbit was
divided into segments of length such that the probability of pion
decay along with each segmeht was uniform. From the center of each
segment a number of equally probable muons from pion decay in flight
were tracked through the remainder of the spectrometer. These orbits
were confined to & narrow cone (half-angle 2 120) about ﬁhe initial
pion direciion at point of decay; thelr momenta ranged from approximately

?

95 to 210 MeV/c. The expected range distributions for these muons was

‘obtained at the same time. Some 20,000 of these decay muon orbits

were tracﬁed in this calculation.
The results of the calculation may be summarized as follows:
Twenty-five per cent of the Kn2 pions entering the spectrometer
decayed before reaching the focal plane. The muons from these decays
in flight»may be divided into three classes:

"a. Muons lost in the magnetic pole tips, or missing the focal

plane counters (10%)

b. Muons reaching the focal plané with pion-like ranges (9%)
c. Muons reaching focal plane with muon-like ranges (6%)

The percentages listed are relative to 100% for the pions'entering the
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spectrometer. 7% of the muons in class (b) fell within the Kn2 peak;
the remaining 2% extended on the lower-momentum side and contributed
to the F plane data.

2. Pion Losses by Nuclear Attenuation

In addition to the loss by decay in flight, pions are lost at
each end of the spectrometer by nuclear attenuation. The loss in
the aluminum behind the H plane was obtained as a part of the solid
angle calculation (cf. Section IT-E3). It was found that 154 of the
Kn2 pions arriving at the focal plane were lost in aluminum. Pions
are also lost in the beryllium target; in consequence of this loss’
the spectrometer accepts only 96% of the Kn2 mode, the remaining h%l
being absorbed in the target. An absorption cross-section of 100
millibarns was used in this calculation.l6 |

Elastic scattering does not contribute significantly to this

attenuation.*

3. Summary of Krn2 lLosses -

Con‘sideration of the Kn2 losses by decays in flight, together
with the losses by nuclear attenuation leads to the following expres-

sion for the correction factor which must be applied to the observed

¢

*To a good approximation, those pions which are scattered elast-
ically out of an element of solid angle about the beryllium target
are balanced by pions which scatter in. Since these pions originate
from K* mesons decaying isotropically at rest, it is clear from symmetry
that this balance would be exact if the’ beryllium target were spherical.
For the actual target geometry used here, the elastic scattering into
the spectrometer is calculated to be about 9% greater than out-scattering.
If we assume that elastic and absorption cross-sections to be roughly
equal, then the effect of the elastic scattering is an order of magni-
tude less than the (4%) effect of ,nuclear dhsorption, and is therefore
neglected here.



Ku2/Kn2.

F = 5,(5, 5, +.07)

~ where Sb is the fraction of Kx2 pions leaving the beryllium target,

St is the fraction surviving through the spectrometer, Sa is the fraction
surviving through the éluminum degrader befére the range-dividing
counters, qnd the term .07 represents those decay-like ranges which

fall within the Kx2 peak. The calculated values are

5, = 96

[9p]
ct
]
.
=3
A%}

sa = 085
The factor F which must be applied to the observed Ku2/Kx2 L
relative branching ratio is therefore .68. The uncertainty in F is

estimated to be + .026 (see Sec. III-G).

E. Contaminations to Ku2 Mode

The Ku2 mode is subject to none of the losses affecting the Kx2
modé, bﬁt;is contaminated by other decay'modes to some extent. The
main Ku2 peak at 236 MeV/c hés a lower momentum tail consisting of
(at least) the following components:

a. K+ e+ ° + v

b, K+ —>u+ + no + v

c. Those muons frovanQ pion decay in flight which aie identified
by range as muons.

d. M_u.ons from Ku2 decay in flight in beryllium target (see Sec.
E2 below). |

e. A scattering tail~consisting:of Ku2 muons which graied the

exit edges of the quadrupole singlet. This effect is discussed in
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Sec. E2 below.
The contribution of the decay mode K+ —>p+ + v + 7 has not been

considered here, but is presumably small in comparison with those

- components listed above. Components a.-and b. can be taken from

Table I, and the calculation of component c. was described in Section
III-Dl. The calculation of components d. and e. is discussed below.

In Figure 16 the muon data ié shown as a sum of the Ku2 peak and
components a. through e. above. The Ku2 curve is a gaussian, fitted to
the data from'210 MeV/c through 270 MeV/c, and component d. and e. are
normalized to this Ku2 fit. The Ke3 and Ku3 components are those pre-
dicted by the V-A theory of weak interactions; their branching ratios
are taken as 5% and 3.5% respectively (cf. Table I) and in the Ku3
spectrun the form factor § = f-/f+ was taken to be zero, which is
consistent with recgnt experiments.le’lg The momentum resolution of
the spectrometer has been folded into the predicted Ku> and Ke? here.
Table 3 summarizes these contributions to the Ku2 tail.

1. Scattering in Quadrupole Edges

The orbit traéking program previously discussed was also used
to compute the expected Ku2 and Kn2 tails arising from scattering in the
edges of the quadrupole singlet at the entrance to the spectrometer.
To this program was added a subroutine in which those particle orbits
which intersegted a quadrupole boundary were tracked through a sim-
ulated scattering and ionization loss process. Each trajectory
within the scattering material was stepped off in short segments of
length A, = 3, , - S, where S is measured along the trajectory.

i i+l i
The direction is specified in standard spherical coordinates in which
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Table 3
PC T,7' Ke3 Ku3 x, K K S 0§ K, K,
95 .97 2.8 1.80 .05 ' .12

105 2.60 2.76 2.01 .12 10 .38

115 3.08 2.99 2.18 .37 | 22 k9

125 1.88 3.18 2.32 .59 32 .65

135 .63"3.76 2.35 .68 39 .65

145 .09 -3.28 2.32 .68 .38 b6 77

155 3,21 2.20 69 .76 .51 1.0k

165 ©3.03 1.99 1.01 1.27 .10 .70 1.19

175 2.75 1.68 1.57 1.77 1.33 1.01 1.37 ' 7.63

185 2.36 1l.27 1.88 2.58 - 2.08 17.07

195  1.16 .77 2.10 571 3.50 8.21 27.14 |

205 . 1.27 .26 1.88 4.65 4,96 22.90 31.07

215 x. 61 1.07 ' , 48.39 25.45
225 .07 e 74,26 14,92

237.5 . 90.02
25245 | | | 1 ' 70.71
267.5 29.02

Sn’ Su = g:zi:upole:?dge scattering, normalized to obéerve Kn2; Ku2

K» K, = K2, Ku2 decays in flight

K —x° + 2"
n = R=% TT L4+ vin flight

Ku2, K2 (fits to data of Figures 15a and 15b)

T,7', Ke3, Ku3 are calculated from branching ratios of Table I, and
normalized to L(Kn2 + Ku2) above

A
i
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'gi+l’ ¢i+l

L5

i-is the polar

angle, and ¢i the azimuthal angle. At the end of each segment the

the z axis is taken along the direction of motion, ©

momentum of the particle is reduced by Ai . %ﬁ-(Pi) and a new direction

is specified by choosing two random numbers; @, . ., is taken

i+l
from a uniform distribution over the interval O«2x, and 9,,, froma

gaussian distribution of width

whe re X, is the radiation length in the medium. The trajectory is
followed in this manner until either the momentum of the particle
has fallen below the cutoff momentum of the spectrometer, or the

particle re-enters the spectrometer, in which case the usual tracking

. is resumed} The results of this calculation are summarized in Figure

17.

In order to consider the effect of scattering in the pole tips
of the quadrupole, it is useful to think of the Ku2 gnd Kn2 quadrupole
scatteredlcomponents as consisting of two parts, one of which falls
within the‘main peak and is therefore indistinguishable from it, and

another which falls outside and appears as a 'tail". The part of the

scattered component which falls within the main peak may be regarded

simply as equivalent to & small fractional increase fr(fi) in the

ac¢eptan¢é'solid_anglé. The tail 1tself does not enter directly into
the ﬁeasurement of the branching ratio. (Both tails add to the F plane
data, however, and were therefore conéideféd in the background sub- |
tractiom.) The net effect of this scattering is therefore to intro-

duce a factor (1+ fu)/(l+ f ) into the observed branching ratio
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Fig. 17. Calculated tail on Ku2 peak from Ku2 muons which scattered
in edges of quadrupole. The Kn2 tail is similar.
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Ku2/Kx2 as estimated from the main Ku2 and Kn2 peaks. Here fu and
fn are the fractional increase in solid angle for the Ku2 muon and the
Kn2 pion, respectively. It is found that the net effect on the Ku.2/
Kx2 ratio is largely self-cancelling; i.e., 'fu e £ e 04, The

resulting tails are given in Table 3.

2. Decay in Flight Corrections - K+

An a.ppreciably fraction of K''s decayed in flight within the
beryllium tai‘get. The effect of these decays is to degrade the momentum
of the decay particle which enters the spectrometer, hence to provide
lower momentum tails to the" Kn2 and Ku2 peaks. A rough estimate of
this effeét can be obtained at once. The mean K momentum incident
on the beryllium target is 35(5 MeV/ c, corresponding to a range of
4 inches in beryllium. The K meson traverses the first 3-1/2 inches
of its range with aﬁ avérage velocity '{_3—-"-'- 0.5 and hence réquires 0.6
nanoseconds to approach within 1/2 inch of the end of its range.
(Decays within the last 1/2 inch are indistinguishable from decays at
rest, witlixin the momentum resolution of the spectrometer.) The fraction
of incident K's decaying in flight then is

1 - exp (t/7) Zt/t = 0.6/14, = .04

vhere 7 = J—:—-:_—-é-— is “'the‘K mean life. We may therefore expect that
some .h% of %1:2 K decays will be in flight. Since the angular distri-
bution of the charged products of these decays is péaked in the beam
direction, the acceptance of the spectrometer (at 90° to this direction)

for these products is less than for decays at rest. Hence we have the

inequality Ku2 tail < 0.0k # Xu2 peak
(k2) (Kx2)
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Because of the close similarity between the Kn2 and Ku2 tails these

K decays in flight have no direct effect on the measurement of the
Ku2/Kx2 rélative branching ratio. Since the Kx2 tail extends onto

the lower focal plane, it is considered in the background normalization.
The calculation will now be described in more detail.

The broad-range spectrometer selects particles leaving the
beryllium‘target at approximately 90° to the incident K veam (Fig. 1).
The probability that the spectrometer will accept thé muon from a
Ku2 decay in flight between depths (y,y + dy) in the beryllium target
is proportional to

dgo(py )t aly)
where c9o(pi) is the decay angular distribution function, evaluated at .
90° in the lab éystem, and AQ(y) 1s the acceptance solid angle of the
spectrometer seen from depth y in the target, evaluated at the apbrop-
riate muon momentum. Strictly, AQ is a function of x, y, and z. The

integration described here is done with x, and zg fixed, then a

i

summationiover Xq and z; is performed.
The decay angular distribution function and the mean decay
length of the K meson at depth y in the target are functions of its
momentum pﬁ at that point, or, equivalently, functions of Yy and initial
through tﬁe relation |
) =p - [ (@ e

o]

momentum Pi

The distribution W(Pk) of incident K momenta may be estimated from
the K differential range curve (Fig. 9).

The momentum distribution of muons from these decays in flight
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(Pi+l | ’ i+1 " ‘ |
+ . ¢ d -~
ji g B(E,) @ f W(P, )ap f 590(BL)A A($)S(P,¥) ﬂ'i)f)‘ |

P
1

Here S(Pk,y) =exp (- j -3\-5,5—7 is the probability that the K
meson has survived to 8epth ¥y, and S(Pk,y) -T—lj-is the probability

that a K meson of incident momentum P, will decay between y and y + dy

k
in the target.
The momentum of a decay muon coming off at 90o from a K of

veloéity B' is

. P, = P*\l 1- (B2
' . p

vhere P* and B* are the muon momentum and velocity in the K™ rest

frame.

The angular distribution function may be written as

Igo(P) ~ | (1 -8R+ (Bo)

Thé integrals in y and P

Kk &re taken over these ranges which
contributés to the decay muon momentum interval Pt+l - Pi.

In order to hormalize'this computed decay muon spectrum to the
Ku2 peak framn K decays at rest, the following integral, corresponding

to K decays at rest, was also calculated-

. f WP, ) @ [s(Pk,yﬂ -Aﬂ(yE, ] | g
y=R y=R

where S(Pk,y) and AQ(y) are evaluated at that depth R in the target

vhich corresponds to the range of a K meson of momentum Pk.'

A similar calculation was made for Kn2 decay mode; the results
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of both calculations are given in Table IV. Because of their small

branching ratios, the effect of K decays in flight upon Ke3 and

Ku3 modes was nét considered. The Kn2 and Ku2 tails from this effect

are given in Table 3,

F. Relative Branching Ratio Ku2/Kx2

The relative branching ratio Ku2/Kx2 is derived directly from
the gaussian histograms which are fitted to the data of Figure 15.

These fitted curves were of the form

£(P) =

exp (/2 (BE) 2)
2x0

The parameters N, ¢, and P are those which minimize the sum

Y -Y, 2
s = 5(g)
i 74
a winimum.
Here Y, is the data point, e, its associated error, and

i i

|

?‘i‘ jf(P) dp

where the integral extends over the momentum interval centered at Py -
This observed ratio must be scaled by the factor .68 to account for
the losses of pions by nuclear attenuation and decay‘in flight, as
discussed in Section III-D.

The results of* these fits are given in Table k.
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Table U
Kn2 Ku2
N 1338. t 104. 4538, + 243,
¢ 16.8 + 1.6 MeV/c 19.5 + 1.3 MeV/c

|

204.0 + 1.5 MeV/e  237.8 £ 1.1 MeV/c

The position of the Ku2 and Kn2 peaks may be computed from the
masses of the particles involved; the Kx2 pion has a momentum of 205
MeV/c, and the Ku2 muon momentum is 236 MeV/c. The values obtained in
Table 4 are seen to be consistent. |

The observed branching ratio is accordingly

Nu 4538 + 243 '
ﬁ%' = T338f§~T55 = 3.39 ¢ .52

The cérrected relative branching ratio is
(.68 £ .03)(3.39 £ .32)

2-31 't -214'

 Ku2/Kn2

I

I

vhere we have used the results’of section III-G in assigning an error

of .03 to the pion loss factor.

G. Uncertainties in Calculated Corrections

It will be recalled that the factor .68 is applied to the
observed Ku2/Kn2 ratio to compensate for loss of pions by decays in
flight and nuclear absorption. It was shown in Section III-D3 that
this factor has the form

F = sg(stsa'; .07)



where

where A now 1s the mean absorption length in aluminum, and X is the
thickness of aluminum degrader between the focal plane and the range-
dividing counters

5, = exp (-L/A) where A+ Bret

is the mean décay length of the Kx2 pion, and L is the length of its
orbit:through the speétrometer. Aﬁpropriately weighted averages of
all these parameters were used in calculating Sb’ St and Sa’ The
calculation of‘Stlinvolves only the mass and lifetime of the pion, and
the dimenéions bf the spectrometer. The uncertainties.in these para-~ |
meters are small in comparison with those in the absorption cross-
sections, and may be neglected here.. To see this we noté that the

mean decay length of the pion may be written as

Pﬂc'rjr
A= —a;——- (P in MeV/c, m in MeV)
{
Now,zo
m = 139. 580 + .015 - (.01l% uncertainty)
T, =2.551 & .026 (1% uncertainty)
Hence
B Tx ooy
AT '
7t
Then
Bat L AN |
-—é—- = x5 5= (.29)(.01) = oq%, which is negligible.

ct

3
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fidence) with the resulis of Shaklee et al., and inconsistent with

Roe et al.
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