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TOTAL CROSS SECTION OF K MESONS ON NUCLEONS 
IN THE MOMENTUM REGION 630 Mev/c TO 1100 Mev/c 

Maung Tin Maung 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

Aprill5, 1962 

ABSTRACT 

The total cross sections of K mesons in hydrogen and deute

rium were measured over the momentum range 630 to 1100 Mev/c. 

The K- -n total cross sections were obtained from the hydrogen and 

deuterium data. These cross sections, with an accuracy of better than 

5% were measured at the Berkeley Bevatron by counter techniques. 

Two high-resolution velocity-selecting Cerenkov counters were used to 

select the K mesons, The momentum of the K beam was measured 

with a counter. telescope and ari analyzing magnet. The K~ -p and K- -d 

cross sections were measured at nine and five representative momenta 

respectively. 

A well-defined resonance appears in the K- -p total cross section 

at about 1050 Mev/ c K- i:nomentum(laboratory system). The neutron 

cross sections do not have enough statistical accuracy to enable us to 

infer any structure. 
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I. INTRODUCTION 

Recently, a great deal of attention has beenfocused on the 

study of the K meson-nucleon interaction. The. total cross sections of 

both K+ and K- mesons on nucleons are of great importance, in that 

they allow us to determine the nature of the K meson~nuch~on forces. 

These cross sections have been previously measured at several· ener

gies by means of bubble chambers, counters, and nuclear emulsions.l-? 

Most of the published bubble chamber and emulsion works have rather 

large errors and are too widely spaced to allow more than the general 

trend of the cross section with energy to be inferred. At low energies, 

these measurements show that for momenta below a few hundred Mev/ c, 

the K- -p cross section roughly follows a 1/v law. This dependence has 

been described by Dalitz and Tuan, who assumed a dominantly s -wave 

inte~action. 8 Although there are some data on the absorption process 

of K mesons on neutrQns, there is no information on the total cross 

section at these low energies. 

In a recent exp~riment, Cook et al made a study of the behavior 

of the K meson cross sections on protons and neutrons in the momen

tum region 1 to 4 Bev /c. 5 They obtained evidence of the existence of 

structure in the K--p tbtalcross'section, :in'particularthe differenc·e in the 

behavior of T = 0 and T = 1 K- -nucleon cross sections. Bastien et al. 

used a hydrogen bubble chamber to measure the K- -p total cross sec

tions up to 800 Mev/ c. 6 There seemed to be a disagreement between 

their· results and the counter experiment of Cook et al. 
5 

The object of 

this experiment was therefore to meas1..1re the K- -p and K- -n total 

cross sections near 1 Bev/c, that is, at the lower end of the region 

·studied by Cook et al, 5 but with considerably high~r momentum res-

olution and at more closely spaced intervals; and also to explore further 

the missing region between the high-energy counter and the low-energy 

bubble chamber and emulsion observations. Thus, between the momenta 

630 and 1100 Mev/ c, K- -p and K- -n total cross sections were measured 

at nine and five values of incident momenta respectively. The momentun1 

width chosen (between 1 and 2o/o) was about one -fifth as large as that in 
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the experiment of Cook et al., 5 and although the counting rate was 

correspondingly smaller, it was possible thereby to study finer details 

of the structure in the total cross sections. 

The techniques used in this experiment are described, in Section 

II. Data analysis and corrections applied.are described in Section VII. 

In Section XI, discussions are given for the different possible processes 

which may give rise to the observed resonance in the K- -p total cross 

section at about 1050 Mev/c. 
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. . . 

II. EXPERIMENTAL METHOD· 

· The general method for measuring the cross sections .was that 

for a transmission experiment. The attenuation of K . mesons 'by hy

drogen and deuterium was measured by comparing the difference in 

attenuation by a full and an empty target. This method automatically 

corrects for such spurious effects as counter inefficiency, or atten

uation by empty target assembly and other material in the beam. The 

basic arrangement is shown in Fig, 1. 

Beam counters 

Be a 

Cerenkov counters 

Fig. 1. 

Hydrogen or 
deuterium target 

Transmission 
counters 
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If T E and T F are the transmission factors for the empty and 

full target respectively, the total cross section is given by 

1 TE 
a = nL 1 n . T F ' 

where· n is the number of target nuclei per cm3; and. L is th~ length 

of the target in c m. Under the operating pressure andtemperature of 

the target, n represents the difference in atomic concentration between 

gas in the empty target and the liquid in full target. The above expres

sion gives the exact total cross section under the ideal situation of a 

good geometry. In most cases, since the transmission counter sub-

tends a finite solid angle, a transmission counter measures an appar

ent total cross section that is equal to the total cross section, reduced 

by an amount equal to the integral of the angular distribution of all 

charged particles resulting from scattering events from zero to the 

half.;.angle subtended by the counter. To be able to correct for this ef

fect, we used three separate transmission counters in the experiment, 

subtending different solid angles at the target. 
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III .. BEAM AND EXPERIMENTAL EQUIPMENT 

A. The K Beam 

The arrangement of counters and magnets used to obtain a 

variable.,..momentum K- -meson beam of narrow momentum width is 

shown in Fig. 2. The primary target was of stainless. steel, 6Xl/2Xl/ 4 . , 

in. , located in the magnet gap of the Bevatron. Negative particles 

produced within about 6 deg to the direction of the circulating internal 

proton beam entered the channel after passing through a . 0.020-in. 

aluminum window in the vacuum tank at the beginning of the west 

straight section of the Bevatron. The first bending magnet M 
1

, a. 

13X24-in. and 6-in. -gap C magnet, was used to correct for variation 

in the apparent target position with selected secondary beam momentum. 

For particles at the center of the momentum interval accepted, a hor

izontal image of the internal Bevatron target was formed at the center 

of the quadrupole; field lens S by.the 8-in. -diam, l6Xl6-in. quadrupole 

doublet Q. The field lens was a 4-in. -diam 16-in. -long quadrupole 

singlet. A vertical image of the target was formed at the position of 

the transmission counters T 
1
, T 

2
, and T 

3 
by. the combination of Q 

and S. The 18X36-in. and 8-in. ~gap H magnet M
2

,. set for symmetric 

entry and exit, primarily defined the operating mbmentum of the system. 

The main function of the bending magnet M3' also a 13X24-in. and 

6-in. -gap C magnet, was to remove degraded :particles from the beam. 

A calibration of the operating momentum of the system was obtained by 

the floating-wire technique, with all three bending magnets in their 

final locations. A more precise value of the momentum and, in addi

tion, the momentum spread, was obtained by using a 29X36-in. deflec

ting magnet, downstream from the apparatus, to analyze the unscattered 

beam (see Section V ..:.o). 

Four. scint:lllation coui;lters B
1

, B
2

, B3' and B
4

, all with 3X3-in. 

plastic scintillators l/4 in. thick in the. bea:rn direction, ·defined the 

beam particles, as shown in Fig. 2. A fifth scintillation counter, 
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\ · · Proton-beam 
\ . ~trajectory 

·~. ~Iron 
· \ · collimator 

\ 

18" X 36" 
..,-----deflecting 

magnet 

8"- diameter 
Y.-T-----· quadrupole lens 

(doublet) 

MU-23860 

Fig. 2. Arrangement of K- beam. M , M
2

, and M are 
bending magnets, Q is a quadrupole doublet anJ S is 
a quadrupole singlet lens. Scintillation counters 
B 1, .B2, B~, and B4 ~efi~e the beam, and T 1, T 2, and T 3 measure l:he transm1Ss1on. 
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. called A,· with a 3X3 -in. hole at the center, was placed next to B 
4 

to 

act as an anticoincidence counter for the beam. Two velocity-selecting 

coincidence-anticoincidence Cerenkov counters C 
1 

and c
2 

(see Fig. 5), 

with the two scintillation counter pairs, B
1

-B
3 

and B
2

-B
4

, together 

with the anticoincidence counter A, selected the K- mesons in the beam 

and rejected rr mesons, f-L mesons, electrons, and antiprotons. The 

time delays between B 
1 

and By arid between B
2 

and B
4

, were respec

tively adjusted so that some velocity discrimination between K- and rr

mesons was possible. This was more effective at the lower momenta 

_ than at the higher. At all operating momenta, antiprotons were re

jected by this means. 

B. The Hydrogen-Deuterium Target 

Figure 3(A) shows a cut-away view of the target flask and the 

aluminum vacuum jacket. The target flask, made from 0. 0 10-in, 

Mylar, was 24in. long X 6 in. in diam, and was surrounded by a 0. 002 

in. alm;ninized Mylar heat shield. The aluminum jacket for the vacuum 

insulation had a 0. 035 -in. Mylar entrance window and a 0. 032 -in. alu

minum exit dome as shown in the figure. Figure 3 (B) is a schematic 

drawing showing all the essential components of the hydrogen-deuterium 

target. 

During the hydrogen runs the lower reservoir (called the LD
2 

reservoir in Fig. 3 B, left of center in the diagram) was filled with 

liquid hydrogen, and the upper reservoir was kept empty. During the 

runs with deuterium, liquid deuterium was ·placed in the' LDz. 

reservoir, and the LH
2 

reservoir was filled with liquid hydrogen. The 

liquid hydrogen in the upper reservoir served to condense the deuterium, 

which was maintained in a closed system. The deuterium system was 

kept at a slightly positive pressure by introducing helium gas into it. 

This allowed helium gas to escape from the system in case of a leak, 
, I 

rather. than allowing air in which would contaminate the deuterium. 
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i ! target 
. I 

Heat shield 

Ah1minum 
exit dome 

Target 
flask 

MUB-918 

Fig. 3{A~ Cutaway view of the target flask and the alurilinuin 
vacuum jacket. 

,.. 
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The liquid level in the reservoirs was monitored by means of 

Magnet-Helix level indicators, and the level in the ta.rget flask could 

be observed through the view ports. 

C. The Cerenkov Counters for Selecting K Mesons 

The Cerenkov counters are similar to the narrow-band velocity

selecting type described by Wiegand. 9 They are illustrated in Figs. 

4(A through C). The two Cerenkov counters are almost identical 

except that in the second one, c
2

, the light cones are inverted by 

placing a mirror downstream from the Cerenkov ra~chator (see Fig. 4C). 

It should be noted that these counters not only provide a ''yes" signal 

when a K meson passes through, but also provide a "no" signal when 

a lighter particle traverses the radiator. Counter C 
1 

is located after 

the primary momentum-selecting magnet, M
2

, while c
2 

is placed 

after the singlet quadrupole field lens S. The Cerenkov radiators are 

right circular cylinders, 2 in. in diam X 2 in. thick, with axes parallel 

to the beam direction. The radiators have an 8-in. radius positive 

curvature on the exit face. For momenta from 600 to 800 Mev/c, a 

lucite radiator was employed (Fig. 4B). At higher mom:enta, the 

radiator was liquid Fluorochemical (FC-75) in a lucite container (Figs. 

4A and C). 

A particle of velocityJUra.velirig parallelto~the:tadiator axis pr_o;duces 

of Cerenkov li'ght of half-angle e given hy cos e = 1/ (n~}, 
c c 

a cone 

where n is the refractive index of the radiator. The light produced by 

K mesons of the correct momentum leaves the downstream end of the 

radiator and is deflected at this surface to a wider angle e ' owing to 
r 

combined effects of refraction at the exit face and divergence because 

of the exit face curvature. This light is then transmitted by specular 

reflection down an aluminum light pipe to the photocathode of an RCA-

7046 photomultiplier tube. Light leaving the radiator at angles greater 

than e is prevented from entering th1s 'light pipe by a. circular alu-
r 

minum baffle. There are, at this. angle, six such light pipes, and 
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.,_meson 
I ight 

B.eam r\.· 
rn L/ 

Cerenkov radiator 
(FC -75) 

in lucite 
container with 
convex exit face 

..:n_ 

Photomultiplier tubes 
Type RCA-7046 

Iron magnetic 
shield 

Hollow aluminum 
reflector 

MUB-648 

Fig. 4(A). Gerenkov counter operating mode I. Both K and lT light 
leave the exit face of the Cerenkov radiator. The radiator used 
in this operating mode was liquid Fluorochemical (FC-75). 
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hotomultiplier tubes 
Type RCA-7046 

One ring of photomultiplier 
tubes not used in this 
mode of operation 

Hollow aluminum 
reflector 

1-;'---Cerenkov rod iator 
( Lucite) 

~----Light guicte for trapped 
1r-meson Cerenkov light 

-----Magnetic shielding 

Photomultiplier tube 
Type 6810A 

MUB-647 

Fig. 4(B). Cerenkov counter operating-mode II. The lucite light 
pipe collects the rr-light which is trapped in the radiator. A 
single RCA-681 OA photomultiplier tube attached to this light 
pipe provides the anticoincidence signal. · 
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Photomulfi pi ier tubes 
Type RCA~ 7046 

~w-----==--Iron magnetic 
shield 

Hollow aluminum 
reflector 

MUB-6•~8-A 

Fig. 4(C ). Figure showing the mirror in Cerenkov counter C2 
which inverted the light cones. 
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photomultipliers for each, placed in a ring about the beam axis. 

These six channels are divided into two groups of three each by adding 

together the signals from the alternate channels. A coincidence be

tween signals from the two groups must be formed in order that a K 

meson be counted. Lighter particles produce Cerenkov light at a 

larger angle than a K meson of the same momentum. For momenta· 

. above 800 Mev/ c, this light leaves the end window of the radiator at. 

an angle greater than that for the K light and is collected by light pipes 

· similar to those used to collect the K light, Again there are six light 

pipes with photomultipliers, placed in a ring about the beam axis. The 

entrance apertures of these light pipes are in such poisitions that __they 
f 

will intercept light leaving the radiator at angles larger than those 
·,, 

corresponding to the . K light. The anticoincidence sigi:lal is obtained 

by adding together the pulses from the six photomultipliers. In this 

way, a signal from any one of the six photomultipliers in a single 

counter unit can give an anticoincidence pulse which will reject the 

unwanted light particle. This mode of operation is illustrated in Fig. 

4(A). For the momentum range from 600 to 800 Mev/ c, the angle of 

the Cerenkov light produced by the light particles is 'such that it always 

strikes the exit face of the lucite radiator at an angle greater than the 

critical angle, and hence is trapped in the radiator .. This light:,is. 

collected by a single lucite light pipe in optical contact with one of the 

side walls of the radiator, and is transported to the photocathode of an 

RCA-6810A photomultiplier tube. ·The signal from this tube then pro-

vides the anticoincidence signal. Figure 4(B) illustrates this type of 

operation. The baffles and light pipes in the counter rings were designed 

to accept a beam divergence of not greater than ± 2 degrees, This also 

puts a limit on the accepted momentum band to about ± S o/o., the velocity 

resolution being about ± 1. 5o/a, 

" 
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IV. ELECTRONICS 

A simplified block diagram of the _basic electronics used in the 

experiment is shown in Fig. 5. Counters B
1

, B
2

, B3' and B 
4 

are the 

beam counters, A is the beam ant_icoincidence counter, and C 
1 

and 

c
2 

are the two Cerenkov counters. The transmission counters are 

denoted by T
1

, T
2

, and T
3

. One final counter, TF, is the time-of

flight counter. All the electronic components used are standard 

Lawrence Radiation Laboratory equipment. The photomultiplier tubes 

used in the scintillation counters were all RCA-6810A tubes; the 

Cerenkov counters had twelve RCA-7046 photomultiplier tubes each. 

As described earlier, each Cerenkov counter gave two ·"yes" 

signals and a . "no'' signal. They are denoted in Fig. 5 by C 
1
A, C 

1 
B, 

C 
1

, C
2
A; c

2
B, and c

2
. The signals from beam counters B

1 
and B

3 
were put in coincidence with C 

1
A and in anticoincidence with C 

1
. 

Similarly, the signals from B
2 

and B 
4 

were put in coincidence with 

C 2A and in anticoincidence with c
2

. The signals from each Cerenkov 

counter (C 
1
A, C 

1 
B, and E l' etc.) were also put into a separate coin

cidence -anticoi'ncidence unit. The coincidence circuits· used were the 

fast 3-channel coincidence and anticoincidence units designed by WenzeL
10 

The outputs from two of the coincidence circuits, a and j3, were put in 

,coincidence in a separate fast coincidence circuit K, together with the 

signal from the beam anticoincidence counter A. Also, the output 

signals from coincidence circuits a, j3, P 
1

, and P 
2 

were put ~ri slow 

coincidence with the output of the K circuit in a multiple coincidence 

and anticoincidence circuit K' ll The K' output signal was taken as 

the final K meson signal. Finally, the output of K' was connected to 

a gated multichannel double -coincidence circuit that was gated by the 

output signal of the fast coincidence circuit K. The double-coincidence 

circuit gave an output signal every time a coincidence occurred between 

a K' signal and a signal from any of the transmission counters. It gave 

separate output signals for coincidence with individual transmission 

counters. 
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a 

A 

CA 

c,s 

Cr C2A 

C 2B 

c2 
Tr 

Trigger 

Osc i.lloscope 

TF 
r-r----------~-----'------__:_-'-------,------+--f-OSignol 

MlJ-23661 

Fig~ 5. A simplified schematic drawing showing major electronic 
components: a., f3, P

1
, P

2
, and K are fast coincidence-anti

coincidence' circuits; D
1

, D2, ~3 , D 
4 

are delay boxes. K' is a 
Garwin coincidence circuit. The modified flowerbed circuit 
is a multichannel double -coincidence circuit. 
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The output of the fast coincidence circuits was monitored with 

Hewlett-Packard prescalers, followed by conventional Lawrence Radi-

ation Laboratory !-megacycle scalers. The outputs of the slow. coin-

cidence circuit and the double -coincidence circuit were directly mon

itored with 1-Mc scalers. 

Two independent monitors were used during the experLment to 

monitor the beam particles. One monitor, called Ml in Fig. 5, com

prising atelescope of three scintillation counters, 3X 2Xl/ 2 in .. each, 

was placed in the shielding wall of the Bevatron. This' counter -telescope. 

looked directly at the internal Bevatron target. The coincidence rate 

between the three counters in the telescope gave a good measure of the 

number of protons striking the internal Bevatron target. The second 

monitor, M2, was a coincidence counter between the beam counters 

B
1

, B
2

, and B3' and 1neasured the actual beam particles coming down 

the secondary beam channeL 
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V. EXPERIMENTAL PROCEDURE 

A. General Description 

The total cross sections in hydrogen and deuterium were meas-: 

ured by making tr-ansmission measurements on the fulfand empty target. ~· 

The hydrogen cross sections were measured firsC At each momentum, 

the secondary part1cle beam was optimized by tuning the magnets in the 

system and by studying the beam profile at the location of the trans-

mission counters. The Cerenkov counters were then tuned by varying 

the radiator position and studying the K plateau (see Fig. 6 )o The 

transmission ratios were measured for the full and empty hydrogen 

target in alternate runs. In each run, a minimum of 10
4 

K- mesons was 

counted. The data were recorded after every 5000 K counts, and reg-

ular checks were made to ascertain that the eleCtronic components were 

functioning properly, Time-of-flight pictures were taken for both K 

mesons and ;r mesons, The K momentum was measured at least 

twice (once with normal field and then with reversed field in the analyzer 

magnet) during one setting of the operating momentum with the target 

flask empty, The origin and rates of accidental counts were fully studied 

by using various counter combinations and different beam levels, 

After the cross sections for hydrogen were obtained· for l).ine 

different momentum settings, th'e target flask was emptied of liquid hy

drogen and refilled with liquid deuterium, The eros s sections for deu

terium were then measur~d for five representative momenta, in the 

same way as for hydrogen, 

B, Identification of K Mesons 

Figure 7 shows a delay curve obtained when the delays of scin

tillators B
3 

and B
4 

were varied with respect to all other ~ounters in 

the system. K mesons are counted with a time resolution curve indi

cated by the central peak, This rate corresponds to about 2X 10- 3 of 

the 1T meson rate, and the full width at half-maximum of the timing 

curve is 10 mJJ.sec, If the timing is off by a large amount, say 50 m!J.sec, 

then the K mesons selected by the Cerenkov counters are never 
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Fig. 7. Delay curve obtained by delaying B and B
4 

in the main 
K-selecting coincidence circuits. This nlustrates the effec
tiveness of the anticoincidence signals from the Cerenkov 
counter. 
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counted by the scintillators. There is, however, a steady background 

at about Io/o.of the K rate, which is due to accidental coincidence of 

light mesons present in the beam, However, when the delay is only 

about± 10 to± 20 m~J.sec, the anticoincidence pulse produced by the off

time particle in the Cerenkov counters results in a reduction of the ac

cidental rate by more than an order of magnitude. Thus, very fast 

time resolution is not require:d· for the transmission-counter coincidence 

circuit, as the background accidental rate is roughly three orders of 

magnitude less than the K rate for times of± 20 mf.Lsec about the time of 

arrival of the K mesons. 

C. Time -of- Flight Measurement 

To confirm the method of identification of K mesons described 

in Section V-B; and to study the purity of the beam, a check was ma~e 

on the time of flight of these particles. This was done by comparing the 

time of flight of those particles identified as K mesons with the 'IT- and 

f.L-meson time of flight. The pulse from the first scintillation counter 

in the beam B
1

, and a pulse from a time-of-flight counter TF placed 

42 ft downstream from B , were displayed on a Tektronix 517 oscillo.'"' 
I 

scope equipped with a DuMont Oscillograph Record Camera. A sim-

plified diagram of this setup is included in Fig. 5. During one series 

of runs the oscilloscope was triggered by the 11 K" signal, using the 

Cerenkov counters. During another series, the Cerenkov counters 

were turned off and the trigger was a 'IT signal generated by B 
1

, B 2 , 

B3' B 4 , and A. Thus the difference in time of flight between 'IT- mesons 

and the presumed K mesons was determined at several representative 

momenta. The results not only indicated that the K mesons were cor

rectly identified, but also gave a good estimate of the purity of the beam. 

To obtain an idea of the efficiency of the individual Cerenkov counters, 

the triggering K signals in several runs were generated by separately 

switching on C 
1 

and c
2 

in coincidence with the beam counters, and also 

by switching on c
1 

and c
2 

together. A few typical.time-·of-flight histo

grams so obtained are shown in Figs. 8(A-D). When only c
1 

was used, 
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the assumed "K" signals had about l2o/o rr-meson and f.L-meson contam-

ination. With c
2 

alone the contamination was about 20'o/o. For 

normal operation, with both C 
1 

and c
2 

switched in, the contamination 

was about (0. 5± 0. 5 )o/o. 

D. Measurement of Momentum 

A precise and independent measurement of the beam momentum 

at the location of the hydrogen target was made by using a 29X 36 -in. 

Bevatron analyzer magnet (see Fig. 9). Two vertical strip scintillation 

counters, P 
1 

and P 
2

, were used to define the direction of entrance of 

the beam particles into the analyzer magnet. Counter P 
1 

was placed 

upstream from the hydrogen target and P
2 

was placed 119 in. from. P
1 

and 52 i:r'i. from the c~nter of the pole pieces of the analyzer magnet. 

Downstream from the magnet, and 121 in. from,the cel'lter of the pole 

tips, two similar str~p, scintillation counters, P
3 

and P3'• were placed 

at angles of 25.7 deg with respect to the axis of the beam. The four 

strip scintillation counters were each 6X I/2 Xl/ 8 in. The central mo

mentum,, and the spread in momentum of the beam, were determined by 

studying the threef9ld coincidence rate between P
1

, P 
2

, and P 
3 

as a 

function of the magnet current. To prevent scattered particles from 
. . .. ..-, . 

being co~~t~d, t~e t~iple coincidenc~- of P !.' P 2 , and P 
3 

was put in coin-

cidence' with the beam monitor signal (M
2

) generated by beam counters 

B 
1

, B 2 ,- and B
3

. A typical curve so obtained is shown in Fig. l 0. To 

remove possible systematic asymmetries due, for example, to the 

Bevatron fringe field or hysteresis effects, the measurements were 

repeated after reversing the field of the magnet and 11-sing counter P 
3

•, 

the mirror image counter of P 
3 

with respect to the beam line. 

The analyzer magnet was calibrated twice, using the floating

wire technl.que;-,once before· the experimental setup, and again during 

the experirrie~t ~ith the' mag~et -in plac~-. ·Cali br.ation ~alues' obtained 

in the two instances agreed within 0. 5o/a. From the calibration curves 

the resolution of the momentum-analyzing counter system was calculated 
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by folding together the r:solutions due to (a) the 1/2-in. physical width 

of the three counters, (b) multiple scattering in the empty hydrogen 

target assembly, (c) multiple-scatter-ing in the three transmission 

counters, and (d) multiple scattering in the strip counter P
2

. The mo

mentum resolution for the worst case, that is, for the lowest momen

tum measured, was ± 3o/o (half width at half-maximum). 

The m·easured momenta were corrected for (a) the momentum 

lost in the three transmission counters and the P
2 

.counter, (b) momen

tum loss in the 0.032-in. aluminum exit dome and the 0.010-in. Mylar 

target flask, and (c) momentum loss in 12 in. oflliiquid hydrogen or 

deuterium. A correction was also made for the difference in energy 

loss between rr mesons and K mesons, since the measured momenta 

were primarily those of the beam. rr mesons. Einal values of the mo

menta are presented in Table I with the measured uncertainties. 

Several times during the experiment the momenta were me as

ured with both target full and target empty. Values of moment-a so ob

tained indicated K momentum loss of about 20 Mev/ c and 25 Mev/ c in 

hydrogen and deuterium respectively, which is in good agreement with 

calculated values. 
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Table I. K .Momentum at the Ce.nter_of Targ~t .. 
' ~- . •.. :, . . - . .. .:. \ .. 

Nominal 
momentum 

(Mev/ c) 

Hydrogen 

.. 700 

;, 800 

900 

. ' 'j 950 . 

;.. . • ., ...... ~ ? ' 

·1000· '• 

·1050····· 

'·' ., ;' 1100' 

,,; :' . ·1150 

· ;.: ' ··· .. ·. l..ZOO ···· · 

Deuterium 

700 

800 -

900 

1050 

1150 

~ •: .. 

~> . 

Measured . ,;. 
momenta 

(target erripty) 
(Mev/c.) 

:.647 

762 

848 

896 ·' 

935 . '-~.:· 

990 

' 
,, 1030. 

:Morp.e:t'l;t.um 
at center of 
... ·'-a 

'target 
·(Mev/ c-). 

,; 

:630 ± 2.JP%. 

.752.± .1.84% 

840 .±: 1.45%. 
•'' .. 

89:4 ±. · cl. 48o/o 

.93{ ±· 3.85% 

987 ± 2.13% :· 

1.030 ±:. 2. 1 7o/o. 

1070 :1067 ± 2.05% 

.. L1Q3 ,}101 ± J.84o/o 

·' :-:_·;, . . 'i 

.. 646 
i : ··~ 

627 ± 1.53% 

'· 763" ·. .. 750' d: 2. 14% 

815 808 ± 2.46o/o 

988 984 ± 2.44% 

1067 1067 ± 1.52% 

',,i. j ._;. ·:: '' 
Number of 
ineas urerrients 

:: .. : 1 

1 

" 3. 

3 

J 

2 

,2 

2 .:.:: 

2 

.,.:; 

2' 

1 
" -"J ., 1 

1 

3 

a . . 
Measured momenta were corrected for the appropriate momentum 

loss in the target and transmission counters to obtain the K- mo

menta at the center of the target. 



VI. THE YIELD OF K MESONS 

During typical operation, the number of negatively charged 
4 

particles passing down the beam channel was between 2X 10 and 
. 4 11 f 6Xl0 per Bevatron pulse of about l. 5X 10. protons. The number o 

K- mesons counted per Bevatron pulse ranged from 5 to 30 in the mo

mentum range involved. As can be .seen from the beam layout (Fig. 2), 

there was a large number of scattering objects in the beam; The 

major contribution in scattering came from the 2-in. -thick Cerenkov 

radiators. The attenuation of K mesons due to scattering as well as 

decay in flight was larger at the lower momenta than at the higher. 

Figure 11 shows the Kl1r ratios actually recorded during the experiment 

(see also Table II). The counting rate of K- mesons depended on the 

radiator ·material used in the Cerenkov counters. For momenta below· 

900 Mev I c the radiator was lucite, and for 900 Mev I c and above it was 

liquid Fluorochemical (FC-75). The relative difference in the effi-

ciencies is obvious ~from Fig. 11. No measurements were made .to 

calculate· the absolute efficiencies of the Cerenkov counters with different 

radiators. 

The number of K mesons counted was corrected for decay in 

·flight and multiple Coulomb scattering. The results are presented in 

Table II. Since the internal proton beam w;;ts not accurately known, the 

absolute magnitudes of the results given iri Table II are correct only 

within a factor of 2. 



- r/ 

..,32-

:· ·.· . ."!.•. 

. . ~ ' ·, . ; 

\ ~ . 

... :' .. , 
'. 

r· . ":. 

0 
. . ~ 

0 
,., 

-~ · .. 

0 

0 

-4 
IOL---~----~-----L----~----~----L---~ 

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 
K-- meson momentum ( Bev/c) 

MU.25096 

Fig. 11. Production of K-mesons at different momenta. Curve 
E gives actually counted K/1T ratios during the run. Curve 
T is the K/ 1T ratio at the Bevatron internal target, obtained 
by correcting the actual counts for decay in flight. 
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Table II. Summary of the rnain , characteristics of the secondary beam at different 
momenta: column 1 ·gives the momentum of the beam at production~ 

Momentum Momentum Emission K/TT K/p Mean proton 
a 

at talffetb .spread angle energy, p ' at target 
(Mev/ c) (~p)/p (rad) 

(correct w1t n a factor 
of 2) (Bev) 

( o/o) (per msr) · 

700 4.2 0.105 1.43Xl0- 3 7.1Xl0- 9 4.8 

800 3.6 0.105 2.13Xl0- 3 9.4 X 10- 9 4:8 

900 2.9 0. 105 1.12X10- 3 4. 7 X 10- 9 4.8 

950 2.9 0.105 1.85Xl0- 3 6.8X10- 9 4,8 

:1000 3.9 0. 105 2.82X10- 3 9.7 X10- 9 4.8 

1050 4.2 0. 105 3. 14 X'lO --3 9.3 X 10- 9 4.8 

1100 4.4 0.105 3. 70 X'l0- 3 9.1 Xl0..: 9 4.8 

1150- 4.1 0.105 
. -3 

3.38X 10 9.4Xl0- 9 4.8 

1200 3.6 0.105 3.97Xl0- 3 8.2Xl0_ 9. 4.8 

a Both K' s and TT' swere corrected for decay in flight to o b1tai:q ratio at ~P;rget. 

bThe counted K' s wer~ corrected for decay in flight and multiple Coulomb scattering to obtain : 
number of K- mesons produced at target. 

E 
p 

I 
\.v 
\./.) 

I 



where 

and 

VII. CALCULATION OF THE TOTAL CROSS SECTION 

The total cross section, CJ, may be expressed: 

(J 
I tE 

=- 1n-
nL t ' 

F 

3 
n =number of target nuclei per em , 

L = length of tar get, 

tE= target-empty transmission factor, 

tF= target-full transmission factor. 

The statistical error 1n CJ arising from the uncertainty in the trans

mission factor is given by 

/);. (J = 
[ 

. . Jl/2 
(li-E).l +(6tF)2 
\tE tF 

Under the pressure and temperature conditions at which the target was 

operated, the mass of the gas in the "empty" target was not entirely 

negligible compared with the mass of the liquid in the "full" tar get. 

Thus the atomic concentration n refers to the difference in atomic 

concentrations between liquid and gas in the target. As described in 

Section IV, ,th,ree separate transmission counters wererused after the 

target. The· first two were circular in shape and 7 and 9 in. in c;l.iam 

respectively; the third was a 13-in. -square counter. Thus each 

counter subtended a different solid angle at the target. The cross 

sections obtained fro~ each counter depended on the solid angle sub

tended by the s:ounter (see Fig. 12). Before any corrections, were 

applied, the ·rrieas.ured eros s sections were extrapolated to zero solid 

angle, and the total cross seCtions so obtained are shown in Table III, 

just for comparison with the final values. 
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corrections included) at 900 Mev/ c nominal momenta. NotE 
the linear dependence of both K- -p and K- -d total cross 
sections. 
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Table III. Total "cross s'ections 6btaine&byextrapolatingto zero solid 
angle (Each transmission counter subtending a different solid angle). 

Nominal momenta 
. (Mev/ c) 

-K -p total cross sections 

700 

800 

900 

950 

1000 

1050 

1100 

1150 

1200 

K-... n total cross sections 

700 

800 

900 

1050 

1150 

a 
a A 
(mb) 

41.3 ± 4.48 

40.2±3.34 

42.6 ± 3.18 

45.7 ± 4.28 

47.0 ± 3.09 

48.3 ± 3. 58 

51.0 ± 3."20 

53.5 ± 3.41 

46.8 ± 2.89 

65.0 ± 5.94 

69.7 ± 4.47 

68.1±3.93 

83.8 ± 3.62 

82.5 ± 2.24 

b 
aB 

·. (mb) 

34 .. 8 ± 3.86 

38.0 ± 2.97 

40.5 ± 2. 77 

43.5 ± 3. 73 

44.7 ± 2.68 

46.8 ± 3.10 

49.7 ± 2 .. 79 

51.3 ± 3.05 

45.6 ± 2.60 

58.9 ± 5.27 

66.6 ± 4.10 

65.3 ± 3.67 

83.7 ± 3.62 

81.9 ± 2. 76 

a a A is .the total cross section obtained by extrapolating accidental 

corrected eros s s·ections to zero solid angle. 

baB is t?e total cross section obtained by extrapolating to zero solid 

angle the resulting cross sections after all corrections have been 

applied. 

r 
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The subtraction of full- and empty-target data does not exactly 

cancel all backgro.und effects, and the corrections listed below were 

applied to the measured numbers before we arrived at the results pre

sented in Table IV. The magnitudes of the corrections are listed in 

Tables V through VIII. 

Ao Accidental Counts and Rate Sensitivity 

The delay curve shown in Fig. 5 illustrates the effect of the 

Cerenkov counter anticoincidence ~ounting in suppressing off-time 

accidental counts that could arrive within the resolution time of the 

transmission counters. Another source of accidental background arose 

from particles pas sing outside the Cerenkov radiators and so not having 

the protection of the anticoincidence. The origin of accidental counts 

was fully studied by use of a pulser and various combinations of counters. 

The accidental rates and rate sensitivity were measured at different 

beam levels. The cross sections at different beam levels showed no 

significant correlation to the counting rate (see Fig. 13 ). 

where 

and 

The true transmission factor t is given by the expression 

t = 
T 

T - E ace 

K- E T 
ace 

T = coincidence counts between a transmission counter 

signal and the K signal, 

T = accidental coincidence counts between the trans-
ace 

mission counter and the K signal, 

K = number pf K meson counts, 

E = a weighting factor obtaine.d frorri the study of the 
origin of accidental counts, using a pulser. 

'fhe measured weighting factor E was different for different radiators 

in the Cerenkov counters and also different for th~ three separate trans

mission counters. Its value depended additionally on whether the beam 

anticoincidence counter A was present or not .. The values of E obtained 

from measurement are presented in Table IXo 



Table IV" Calculated total eros s sections for the three counters at different momenta" 

Nominal momenta a 
1 

(mh) a
2 

(mb) a
3 

(mb) 
(Mev/ c) uncorrected corrected uncorrected corrected -qncorrected corrected 

K -p total cross sections 

700 38.92 340 99±2082 35o 50 35~35±2064" 

800 38032 37,09±2·~·22 35056 35~52±L97 

900 39004 39056± 1.86 35. 79' 36021±1.52 30.20 33.87±1.38 

950 42 . .46 42..48± 20 52 41.48 4~0 16±2.09 35.73 39. 53±1. 79 

1000 43.89 44,00± 1.65 42_.95 43.62±1.59 36.97 41. 72±1, 38 

1050 45.09 45. 12± 1.89 44.58 44.89±1.81 39.00 4L15±L66 

1100 48.03 48. 56± L 72 46.48 48.08±1.65 40.48 45. 70±1.46 

1150 48.81 50.48± 1.87 46.71 48.66±1. 79 39.18 46.28±1.62 

1200 44006 . 44.44± 1.60 43017 44.39±L 51 37 0 71 4L88±L38 I 
w 
00 

K -D total cross sections ! 

700 62033 57065± 3010 59083 5'7.43±3.07 54059 54:60±2.85 

800 66.90 65"83± 2A8 64.80 • 640 57±2~ 39 58089 620 82±20 2.3 

900 63055 63.51± 2032 60.90 62. 99±2,22 52.70 59" 14±1. 77 

1050 78005 81.57± 2,19 74.88 80.35±2, 10 63.81 75062±1.98 

1150: 77.79 81.85± 1.59 74,79 80.35±1.56 65o.99 80.24±L63 
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Table V. Accidenta] corrections applied forthe three counters 
' at different rr10n1.enta. ' ' 

" 
Nominai' momenta ~(J 1 L:iCJ2 .,.fM 

3 
(Mev/ c) (mb) (mb)· (hlb) 

Hydrogen r .=- ~ ··) ·;:, ·· :: ·:, :. · 

700 0. 97 2.20 

800 --- 0.44 1.04 

900 2.09 1. 53 3.33 

950 1. 76 l. 73 3.86 

1000 1.40 1.25 3.64 

1050 o~ 59 0.60 0.85 

1100 0.96 1.05 2.65 

1150 2.09 l. 75 4.26 

1200 0. 51 0. 76 1. 35 

Deuterium 

700 0.84 0.81 1.86 

800 0.82' 0.90 2.37 

900 1.80 2.59 4.72 

1050 2.17 2.48 5.23 

1150 2.40 2.24 5.63 

.•. 
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Table VI. · Forward scattering correCtions applied for "the. 
three counters at different momenta .. 

-.. 
Nominal momenta t::..· (]" 1 't::.. (j2 t::.. (]" 3 

(Mev/ c) (nib) '(nib) (mb) 

Hydrogen 

700 -, 0.40 ± .04 0.88±.09 

800 0.54±.05 1.17± .12 

900 0.49 ± .05 0.62 ± .06 1.23±.12 

950 0.64± .06 0. 93 ± .09 1.93± .19 

.1000 0.73±.07 1. 06 ± ; 11 2.21 ± .22 

1050 0.83± .08 1.25± .13 2.39± .24 

1100 1. 04 ± . 10 1.51 ± .15 3.05± .31 

1150 1.21± .12 1.68 ± .17 3.33 ± .33 

1200 0.99±.10 1.47± .15 2.86 ~ .29 

Deuterium 

700 0.64± .06 0.91 ± .09 1.93± .19 

800 L06 ± .11 1.53±. 15 3.26 ± .33 

900 1.14±.11 1.65± .17 3.33 ± .33 

1050 2.56± .26 3.64±.36 7.13± .71 

1150 3.01 ± .30 4.26 ± .43 9.04± .90 



Table VII. Decay-in-flight corrections applied for. the 
three counters at. different momenta . 

Nominal 
.6.CJ

1
(mb) .6.CJ

2
(mb) .0..0:

3 
(mb) 

momenta lst 2nd 1st 2nd 1st 2nd 
(Mev/ c) order order order order order order 

Hydrogen 

700 3.92 4.12 4.07 3.10 

800 3.38 1. 55 2.49 2.25 

900 1. 72 I. 06 L 78 1.40 1.86, 0.89 

950 I. 50 1.49 I. 59 L 75 I. 62 1.94 

1000 1.34 1. 38 1.39 1.34 l.45 L 10 

1050 L 16 0.95 I. 21 I. 29 I. 26 1.09 

1100 1.07 1. 13 I. 11 0. 77 1.15· 0.48 

1150 0.99 1.34 1.03 I. 23 1.08 0.49 

1200 0.93 0.86 0.96 .0. 75 1.00 0.04 

Deuterium 

700 3. 97 4.10 4. 11 3.61 4.28 3. 78 

800 2.43 1.62 2. 52 2.06 2.63 1. 70 

900 I. 99 2.08 2.06 I. 50 2.15 1.61 

1050 1.25 0. 74 1.29 0. 51 I. 35 0.53 

1150 I. 04 I. 04 1.08 0.88 I. 12 0.42 
\ 
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Table VIII. Corrections applied due to multiple coulomb scatter
ing and beam divergence for the ·three counters at different 

motnenta, 

Nominal 
·momenta 

(Mev/ c) 

Hydrogen 

700 

800 

900 

950 

1000 

1050 

1100 

1150 

1200 

DeuteriUlTI 

700 

800 

900 

1050 

1150 

1.00 

0.88 

0.64 

0.44 

0.34 

0.29 

0.26 

2.06 

l. 33 

0 .. 90 

0.47 

0.31 

.6.?" 2 
(mb) 

l. 18 

0.66 

0.33 

0.22 

0.30 

0.25 

0.19 

0.25 

0;26 

0.51 

0.60 

0.65 

0.14 

0.06 

0.12 

0 

0 

0.05 

0 

0 

0 

0 

0 

0 

0 

0 

0.02 

o. 
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Fig. 13. Measured K- -D cross section vs proton beam intensity 
at 1150 Mev/c nominal momenta for the three transmission 
counters. Within statistical errors the cross sections do not 
depend on beam level. 
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Table IX. The weighting factor E for accidental correctionsa · 
(see Section VII-A). 

Radiator 

Lucite 

FC-75 

FC-75 

and 

Anticoincidence 
counter 

without A 

without A 

with A 

T 
= ~ ( ace) 

K E 
T 

( ace ) . 
E K F' 

Transmission 

Tl T2 

0.24 '·0.31 

0.53 0.54 

0.10 0.12 

then E is as given in the . .table' above. 

' .. ,, <' 

counters 

T3 

0.46 

0.68 

0.25 
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If we now define the quantities 

and 
T 

(. ace ) 
yF=E K F 

for the empty and full target respectively, the true target-empty and 

target-full transmission fact<?rs become 

and 

where T E and T F are. the transmission factors (T/K)E and (T/K)F 

actually recorded during the experiment. 

therefore 

1 tE 
(j = - .R.n 
corrected nL tF 

or 

' 1 
(j =(j . +-.R.n 
corrected uncorrected nL 

The total cross section is 

1-yE/T E 

1-yF/T F 

1-yE/TE. 

1-yF/T F 

The correction due to accidental coincidences is then .given by 

D.(j 
ace 

The values of this correction are presented in Table V. The correc.tion 

ranged from 0.5 mb to 5mb; they were smallest for counter. T 
1 

and 

largest for T 
3

. 
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B. Forward. Scattering' 

K mesons interacting in the target can still be counted by the 

transmission counters if they are scattered through a small angle 

( ~ 5 deg). From the optical theorem, 
12 

the imaginary part ofthe 

forward-scattering amplitude, Im f(O deg) is given by 

kCJ 
Im f (0 deg) = 4 ;r , 

where CJ is the total cross section and k the wave number. Thus the 

differential-scattering cross section per unit solid angle is 

~ (0 deg) ;;: [ ~] 2 
. 

In the absence of any data on the real part of the forward-scattering 

amplitude the differential-scattering cross section per unit solid. angle 

in the forward direction was assumed to be equal to the lower limit 

(kCJ/ 4;r)
2 

given by the optical theorem. This correction was multi

plied by a factor of approximately 1.1 to take account of double scat

tering in the liquid hydrogen or deuterium and in the aluminum jacket 

of the target. The corrections are presented in Table VL In the 

worst case, the correction for hydrogen was less than 1.2 mb for the 

smallest counter and less than 3. 5 mb for 'the largest; for deuterium 

these numbers were 3 mb and 9 mb respectively. 

The real part of theforward-scattering amplitude as a function 

of momentum is not known atpresent. Its magnitude can be estimatec~ 

from the available data. Cook et al. measured the K- -p elastic scat

tering at K-laboratory momentum l. 95 Bev/ c, and obtained a value for 

the real part of 0.56± 0.10 fermi. 5 The low-energy scattering data of 

Bastien et al. also give values of about_the pame order of magnitude. 
6 

If we assume the real part t~ be 0.56 fermi, the forward-scattering 

corrections should be increased by 7. 5 o/o, To account for this, we 

assume the uncertainty in the forward-scattering corrections to be lOo/o 

of the corrections applied. 
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C. Decays in Flight 

,A considerable fraction ofK-mesons undergoes decay in flight 

between the last Cerenkov counter and the transmission counter. A 

iarger fraction decays at the lower morrie~ta than at t:fi.e higher. In 

the lowest order, this effect is removed by the subtraction between 

target-full and target-empty data, but three higher-order corrections 

need to be applied. The largest of these arises from the energy de

gradation in the full target, which enhances slightly the rate of decay 

between the target and transmission counters. The other two cor

rections involve the small fraction of decay products striking the 

counters and simulating a K meson count. The decay products 

. originating ahead of or within the target suffer some attenuation in the 

full target, whereas those originating later have a slightly increased 

chance of being counted because the K mesons have been slowed down 

in the liquid hydrogen or deuterium in the target. Since all the perti

nent parameters are well known, these corrections can be calculated 

exactly. The detailed derivations are given in Appendix B. 

The first-order correction in which we assume that all the 

decay products are lost is given (see Eq. B-9) by 

1 
u =u -·-. 1st order uncorrected nL 

X 6p 
24.37~) 

p 

where x is the distance from the center of the hydrogen target to the 

transmission counter, p is the K momentum at the center of the 

target, and 6p is the momentum· loss by.the K mesons in passing 

through the liquid hydrogen or deuterium in the target .. If we. include 

the probability of detecting a fraction of the K decay products in the 

transmission counters, the corrected total cross section becomes 

-D l 
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where ,. ' . 

A = exp [x2-xlV"- exp[- x l/A.'] 
' .. -. 

X 

l \ 
r 2 

(f)'(~)) B = X:' l B. f exp[ -x/ A.'] P.' dx, 
L 1 !' 1 

i vi x -x 
2 l 

x2 

c l L B. 
( 

exp [ -x; X] Pi (e(x)) dx, = I 
A. 1 / 

i .Jo· 

*z= 
x2 -xl -

Pi (e(x~ dx. D= Bil exp[-x/ A 

i 0 

Since the derivations are complicated, only the final expf-essions are 

presented here (for detail, see Appendix B). The d:lstances x
1 

and x
2 

are defined as shown in Fig. 18. Quantities A. and A.' are the mean 

decay lengths for the K mesons before and after they pass through the 

target. The B. is the K- ·branching ratio for the ith decay mode; and 
1 -

Pi (e(x)) is the probablityof detecting a charged decay product from 

the i_th decay mode of a K meson decaying at position x. The ex

pressii:ms for the probability Pi <e(x)) were substituted for the dif

ferent decay modes following Blato:ri, 
13 

and Baldin et al. 
14 

The inte

grals were computed on the IBM 704 for all the fifteen different mo

mentum settings used in the experiment. 

The decay-in-flight- corrections for the measured cross sections 

are presented in Table VII. The corrections ranged from 0. 04 mb at 

the lowest value of the momentum to 4mb at the highest. In this case, 

the correction was largest for the T 
1 

counter and smallest for the T 
3 

counter. 
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D. Multiple Coulomb Scattering and Beam Divergences 

When the target is full, multiple Coulomb scattering in the 

hydrogen or deuterium increases the size of the beam at the location 

of the transmission counters. To correct for this effect, the spatial 
I 

distribution of the beam was explored at each momentum setting, by 

use of a 1/2-in. -sq scintillation counter. One such beam distribution, 

measured at 700 Mev/ c, is shown in Fig. 14. 

A general method for applying multiple Coulomb scattering 

correction to experiments of this type is described by R. M. Stern

heimer. 15 Barkas ~nd Rosenfeld give ~n improved expression for the 

Coulomb scattering. 16 Their method assumes that Coulomb scattering 

has ·a Gaussian distribution in angle, with a root-mean-square space 

angle 

'.vhere 

tively, 

8 given by 
rms 

8 = 15 {Mev) ,J L/L d (l +E) radians, 
rms p v (Mev) ra 

p and v are the momentum. and velocity of the particle respec

L/L d. is the thickness of the scatterer in units of radiation 
ra 

lengths, and E is a correction factor (tabulated in reference 16). The 

factor E is a function of the particle velocity, and also the thickness 

and the nuclear charge Z of the scatterer. 

The calculations for lTlultiple Coulomb scattering correction 

J 

were carried out as follows. If we have a beam distribution F(r) whose 

intensity depends o~nly,.onth:e .di:s.tafl:ce :r frorri the beam ax:is, the total number 

of particles pas sing througf! a circular counter of radius R is given by 

i 

R 
(' 
I 

Jo 

R 

F(r) r dr = 1 H(r) dr, 

where H(r) = 2rr r F(r). When the target is full, the liquid hydrogen or 

deuterium scatters out some of the particles. Assuming that Coulomb 

scattering has a Gaussian distribution in angle, the number of particles 
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Position from beam axis (in.) 
MU-24971 

Fig. 14. Horizontal beam profile obtained by using a I/ 2 -in. - s q 
scintillation counter. The vertical profile is very similar 
to the horizontal. 
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passing through the counter when the target is full can be calculated. 

The true transmission factors can then be written down in terms of 

these results~ and the cross sections obtained. The derivations are 

presented in Appendix C. The resulting expression for the multiple 

Coulomb scattering correction is 

where· r is the projected root-·mean-square radius;aLthe;'Jocatio.n ofthe .m 
transmission counter (obtained from 13 ), and n and L represent 

·. . rms . , 
the same quantities as defined before. 

The measured beam· distributions showed that the K beam 

.was very nearly symmetric about the beam axis. For example, the 

widths of the distributions at 700 Mev/c were 3. 75 in. and 3.5 in. for 
. . 

the horizontal and vertical distributions respectively (full width at 

half-maxirp.um). Therefore it was decided to calculate the corrections 

by using the formulas for a distriht~tion symmetrical about the beam 

axis, but using both the measured horizontal and vertical distributions. 

Thus we obtain a total of four different corrections for each momentum 

setting; two from each 6f the measured distributions. An average of 

the four corrections is taken as the magnitude of the final Coulomb 

scattering correction to be applied. The corrections are shown in 

Table VIII. Magnitude ranged from 0 to 1 mb for: hydrogen, and 0 to 

2 mb for deuterium; smallest .for transmission counter T 
3 

and largest 

for T 
1

. 

E. Light- Particle Contamination 

The presence of light mesons in the. beam can affect the meas

ured K total cross sections. Beam contamination was measured by 

taking time-of-flight pictures as described in Section V ::-C, and we 

. found that 0. 5 ± 0. 5% iT- mesons were present in the K- beam. The 

correction due to . ;r- -meson contamination in the beam is given by the 

expression 



-.. · .. ··• -5'2:.. 

- .'1. 

where T F/T E is the ratio '~f target~full and target-empty tra~s ~ 
mission factors, o is the fraction of the beam that is 1T mesons, and 

CTK and ·cr 1T are the K and 1T total eros s sections, respectively. It 

can be seeir from the above expression that the correction is zero, if 

CTK = cr1T •. Actual ,values of the.· 1T total cross sections were used to calculate 

the corrections from the above expression. Since o is small 

(0.005 ± 0.005), the correction due to 1T contamination in the beam is 

less than o. 3 mb, and is therefore negligible comp~red with the other 
. . 

correction terms described in pre~ious ~ections. 

All the above corrections were appli'ed to both the K- -p and 

K- -d cross 'sections. The cross sections so obtained for the individual 

counters are presented in Table IV. As c·an be seen there, the cor

rections did not completely remove the dependence of the cross sections . . 
on the solid angles subtended by the counters. However, in some cases 

the dependence either diminished or became uncorrelated. Hence 

further analysis of the results is required before arriving at the final 

magnitudes of the total eros s sections. 

There were only two transmi~sion counters (T 
2 

and T 
3
f present 

·when we ~easured .the hydrogen cross section at 700 and 800 Mev/ c 

(nominal momenta). At the .higher end ofthe ~omentum region involved, 
' ; . -

the forward scattering correction becomes iarge for the largest counter; 

at the lower end the multiple Coulomb scattering correction becomes 

large for the smallest counter. After. studying the differences in meas

ured cross sections (cr
1

-cr
2

) and (cr
2

-cr
3

) we decided to calculate the 

final cross sections as follows. (where. cr 
1

,. cr
2

, cr
3 

are the total cross 

section obtained from transmiss.ion counters T
1

, T 
2

, T 
3 

respectively): 

(a) weighted average of cr
2 

and cr
3 

for 700 and 800 Mev/ c in hydrogen 

and 700, 800, 900 Mev/ c in deuterium, (b) weighted average of CT 1, CT 2 , 

and cr
3 

for 900 and 1150 Mev/c in hydrogen, a:nd (c) weighted average 
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of a 
1 

and a
2 

for all other momenta. The final magnitudes of total 

eros s sections are presented in Tables X and XI and plotted together 

with other available data in Figs. 15 and 16. 

·._, .. 
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Table X. 
- a 

K -p total cross sections 

K meson momenta,lab system 
(Mev/ c) 

630 

752 

840 

894 

931 

987 

1030 

1067 

1101 

Total cross section 
(mb) 

35.18 ± 1.93 

36.21 ± 1.47 

36.01 ± 0.90 

42.28 ± l. 61 

43.80 ± 1.14 

44.99 ± 1.31 

48.30 ± l. 19 

48.27 ± l. 0 l 

44.41 ± l. l 0 

a See text (Section VIli) for description of how these total cross 

sections were calculated. 
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Table XI. K -D and K -n total cross sectionsa 

K -meson momenta, 
lab system·, 

(Mev/ c) 

627 

750 

.808 

984 

1067 

K- -D total 
eros s sections 

(mb) 

55.86 ± 2.09 

63.62 ± L63 

63.23 ± 1.60 

80.93 ± L52 

81.08 ± 1. 11 

K- -n total 
eros s sections 

(J.TI b) 

22.94 ± 3.06 

30.44 ± 2.35 

30.21 ± 2.00 

41.02 ± 2.18 

37.83 ± 1.65 

a See text (Section VIII) for description of how these total cross 

sections were calculated. 
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Fig. 15. The K- -p total cross sections plotted together with some 
of the data from the experiment of Cook et al., 5 and some 
preliminary data of Bastien et al. 6 (I would like to thank 
Professor Robert D. Tripp for communicating the unpublished 
data from his group}. The resonant peak appears about 15 mb 
above the nonresonant background of approx 35 mb (see also 
Table X}. 
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Fig. 16. The K- -d total cross sections plotted together SVith 
' some of the data from the experiment of Cook et al. We 
rn~asured the K- -d cross sections at fewer points and with 
less statistical accuracy. 

( 
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VIIL K- -NEUTRON TOTAL CROSS SECTIONS 

The total eros s section for collisions with deuterons has been 

found to be noticeably smaller than the sum of the· corresponding cross 

sections for free neutrons and protons, Glaube.r formulated a theory 

for the cross sections in deuterium at high energies by taking into ac

count the fact that either the neutron or the proton lies some of the 
17 --=:::r time in the shadow cast by the other. He gives the total cross sec-

tion in deuterium (a d) in terms of the total cross sections on free 

neutrons (a ) and protons (a ) as 
n p 

"d = "p + "n - (up "n/ 4~) ( ~2) d ' 

where (--\j is the mean inverse-square radius of the deuteron. 
. r d 

Assum1ng that the deuteron has a radius of the order of the triplet ef-

fective range, we get 

(:z) d = 

l 2 -2 ( T7f) (fermi) 

Typically, this correction amounted to about 10% of the difference 

Q"d-ap (see Table XI). The K- -n total cross sections are plotted in 

Fig. 17. 

~· 
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Fig. 17. The K- -n total cross sections obtained from hydro_gen 
and deuterium data by applying Glauber's correction. 1 T 
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IX, UNCERTAINTIES IN THE CALCULATED CROSS SECTIONS 

The errors quoted in Tables X and XI include statistical errors, .. 

estimated errors in the calculated corrections, and error due to un-

certainty in the atomic concentration of hydrogen or deuterium in the 

target, The counted data were divided into subgroups of 5000 K each, 

and the fluctuation amoung the subgroups was used to estimate the 

statistical part of the error, The hydrogen and deuterium data gave 

rms errors of about 23 and 20o/o respectively, higher than those esti-

mated by using the total numbers, and assuming purely random count 

distributions. 

Error in the forward scattering corrections is taken as l Oo/o of 

the correction applied. Uncertainty in the decay-in-flight corrections 

can be estimated from the errors in the K- -decay branching ratios 

and the errors in the calculated probability integrals (see Section VIII-C). 

These errors were calculated and found negligible compared with the 

other error terms involved. The multiple Coulomb scattering correc

tions and light-particle contamination corrections also had uncertainties 

which were negligible compared with the statistical part of the error. 

The concentration n was calculated from our knowledge of the pressure 

and temperature of the liquids in the full target and the gas in the empty 

target. The operating pressure and temperature of the liquid hydrogen 

and deuterium was in general different during different runs, The 

length and the curvature of the end faces of the target flask were me as-

ured with high precision to calculate the effective length L of the tar get 

under different operating conditions, The factor 1/nL is presented in 

Table XII with the estimated uncertainties, The uncertainties in this 

factor, due to uncertainties in our knowledge of pressure, temperature, 

and length of the target, are also included in the quoted errors of the 

final cross sections (see Tables X and XI). 

Apart from the random errors described in the preceding 

paragraph, a further systematic error of about 1 mb must be included. 

The cross sections deduced from the three counters T 
1

, T 
2

, and T 
3 

systematically disagreed by about this amount, the values decreasing 
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Table XII. Ratio (1/nL); where n is the 'number of target nuclei 
per cm3, and L is,the length of target. 

Nominal momenta 
(Mev/ c) 

Hydrogen: 

Deuterium: 

700 

800 

900 

950 

1000 

1050 

1100 

1150 

1200 

700 

800 

900 

1050 

1150 

,:-· , 

1/nL 
(mb) 

400.2 ± 3.8 

396.0 ± 2.1 

397.0 ± 2.1 

399.2 ± 3.8 

392.5 ± L 7 

392.5 ± l. 7 

392.5 ± 1,7 

399.2 ± 3.8 

399.2 ± 3.8 

335.2 ± 4.3 

335.2 ± 4.3 

333.0 ± 4.3 

335.2 ± 4.3 

335.2 ± 4.3 
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with the increasing size of counter. This effect is not completely 

understood, though part is certainly attributedto, the fact that. correc

tion for forward scattering, which is proportion'al to counter size, is 

. known to have been underestimated. Thus,· in determining the cross 

section behavior from the results of Tables X a,nd Xl, the errors given 

may be legitimately used, but it should be borne in mind that the ab

solute normalization of the curve is uncertain by about 2 to 3o/o owing 

to systematic errors. 
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X" RESULTS 

The total cross section results obtained in this experiment are 

presented in Tables X and XI, and these cross sections are plotted in 

Figs" 15 through 18, together with some high-energy data from 

counter experiments of Cook et al, 5 and some lower-energy data from 

the bubble _chamber experiments of Bastian .et al, 6 

As can be seen from Fig" 15, the agreement of the K -p total 

cross section with the previous data is excellent" The K~ -n .data, 

however, do not agree to the same extent" ·There are no low-energy 

K -n data available, and one can only compare with the data of Cook 

et al. 
5 

There seems to be a disagreement of approximately 8 mb in 

the overlapping region" This disagreement is not as bad as appears 

at first sight, when we remember that there can be an uncertainty of 

about 5o/o in the absolute normalization of the K- -n total eros s sections 

obtained from this experiment, due to systematic errors in the K- -p 

and K- -d total cross sections" Similar uncertainties also exist in 

the eros s sections from Cook et aL , · though of smaller magnitude" If 

we include the effect of the systematic errors, the K- -n cross section 

from the two experiments disagree by about 2 standard deviations, in 

the over~apping region" 
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XL DISCUSSION OF RESULTS 

The results from this experiment clearly show a large res

onance-like peak in the K- -p total cross section (Fig. 15) at about 

1050 Mev/ c, with a width of approximately 200 Mev/ c (full width at 

half-maximum)o The peak also appears in the K- -d total cross section 

(Fig. 16). If we interpolate a smooth curve between the regions 600 

to 700 Mev/c and 1200 to 1300 Mev/c, the peak in the K- -p cross sec

tion appears to extend about 15mb above the nonresonant background 

value. The K-.-n total cross sections (Fig, 17) seem to show a broader 

but lower peak at about the same momentum, but statistical inaccuracy 

does not allow us to decide whether such a peak really exists. Besides, 

the correction applied to arrive at the K- -n cross section from the 

K- -d cross section become less :reliable when the K- -p cross section 

.. becomes large. 

If we choose to call the observed peak in the K- -p total cross 

section a "resonance," it must have well-defined angular momentum, 

parity, and isotopic spin. The isotopic spin of the resonance can be 

deduced by assmning charge independence in the K-nucleon interaction. 

Therefore the interaction is completely specified by the two cross 

sections u
0 

and 0" 
1 

corresponding to I = 0 and I = 1 states. The K -n 

total cross section is pure I :;;;; 1 and the K -p total cross section is 

composed of equal weights of I = 0 and I = 1: hence 

and 

0" 
n 

Thus any structure in the I = 1 state should be twice as evident in the 

K- -n as in the K- -p interaction, whereas interactions in the I = 0 

state should appear only in the K- -p system. If the peak observed in 

the K- -p cross section were in the I = 1 state we should have observed 

a 30-mb peak in the K- -n cross section above the nonresonant back

ground. Although there seems to be a broad peak in the K- -n totalcross 
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section, it certainly is not strong enough to allow the K- -p re.sonance 

to be in the purely I = 1 state. Thus,. the data are consistent. with 

the interpretation that the .resonance is largely in the I = 0 stat~. In 

discussing the possibility of a single~state I = 0 resonance at 1050 

Mev/c, it should be kept in mind that this, would still describe only 

part of the interaction at this energy, since there is a large nonres

onant background of about 35 mb. 

The maximum cross section at, a resonance in the K- -nucleon 

system is 2;r )\. 
2 

(2J + 1 ), where J is the total angular momentum, 

and )1. is the de Broglie wavelength divided by 2 ;r. At about the 

resonant energy (1050 Mev/c) we find that the most a J = 1/2 state 

can contribute is 17 mb. If this is .confined to a single isotopic spin 

state, then the maximum contribution to the K- -p total eros s section 

is 8. 5 mb. The contribution from a J = 3/2 state is 34 mb; and if 

this is in the I = 0. state we can have a contribution of 17 .mb in the 

K- -p cross section. Thus it seems necessary to attribute the resonance 

to a state of J :::::0 3/2, 

The resonance peak in the K- -p total cross section may be as

sociated with the opening of new inelastic channels. At very low mo

menta the following reactions of K mesons on free protons are per-

mitted by conservation of baryons, charge, and strangeness: 

K + p -+ ~ + iT 
+ 

-+ ~+ + iT 

~0 + 
0 

-+ iT 

A + 
0 

-+ iT 

-+ K + p 
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As the K momentum is increased, inelastic channels for pion pro

duction open up. At about 1050 Mev/ c K momenta, at reast two 

new thresholds have beeri observed. One reaction, K + N-+ K + E: 
observed at 1.17 Bev/c 18 ; has a cross sectionofabout 40 f.!.b, and 

seems very unlikely to have an appreciable effect on the K- -p total 

cross section at 1050 Mev/ c, The other recently discovered reaction, 

K + p - K~~- + p, 19 has a threshold almost exactly at the resonant 

energy. The exc'itation function for this process is not known, but 
,,, 

K-··- production at 1.15 Bev/c amounts to only a few mb. Other 

possible strong reactions at about this energy can be written down 

which involve higher excited-hyperon resonances analogous to the 
.... 20 21 . 

y"', ' aside from reactions that involve production: of mulhple 

pions. 

At present, dispersion-relation techniques have been most 

successful in correlating and parameterizing the K-nucleon scattering 
' 1, 22 
data. Recently Ball and Frazer have used a dispersion theoretical 

approach to find a possible explanation of the higher pion-nucleon· and 

K - . f . 1 . h h ld 23 Th h h -p resonances 1n terms o . 1ne ashe t res o s. ey ave s own 

how a rapid rise in inelastic absorption in a given state (e. g. , close 

to a threshold) can generate a large increase in the elastic scattering 

arising from the same state. From their dispersion relations between 

the real and imaginary parts of the phase shift in a given state, they 

show that, even for an inelastic· eros s section of only a few mb, the 

elastic cross section in the same state can be induced to rise to the 

unitarity limit. The peak in the total cross section should therefore 

occur close to the inelastic threshold. If this is the mechanism in

volved in the present case, it is susceptible to a direct experimental 

test, because the elastic and inelastic channels could be clearly as

sociated as occurring with the aame quantum numbers. By assuming 

* the K has J = 1 and I = 1/2, Ball and Frazer found that the peaking 

in the eros s section in the K- -p system should be five times as great 
23 

as in the K- -n system. The Fermi momentum of the neutron in 

the deuteron causes a broadening of the peak. If one assumes a 
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projected deuteron momentum of the order of 50 Mev/ c, the half 

width should be increased by about 20o/o· ... Even though the present data 

on the K- -n total cross section (Fig. 17) do show a reduced and broad

ened peak, in agreement with the prediction of Ball and Frazer, 
23 

lack 

of. sufficient statistical accuracy does not allow us to decide whether 

such a resonance actually exists or not. 

Another inter~sting way to look· at this resonance is from. the 

point of view of the global symmetry hypothesis of Gell-Mann
24 

and 

_Schwinger. 25 It has been pointed out that from gtobal symmetry, ,.one 

would expect the same isobaric states that appear in the 1'r-n:ucleon 
. . 21 ' 

system to appear in the rr-hyperon system. · Alston et al. have also 

pointed out that the (3, 3) resonance in the ·rr-nucleon system under the 

foregoi~g assumption predicts a resonance in the rr~hyperon system 
·. .. . . . .· . * 20 * 

which corresponds to the mass of the Y . The Y · is below thres-

hold in the K-+ p system. However, the othe;:r two isobaric states in 

the rr-:~ucieon system predict isobaric states in the rr-hyperon system 

above the threshold of the K- -nucleon system. In particular, the third 

resonance in the rr-p system in the I = 1/2 state (total energy in the 

c. m. system equal to 1670 Mev) leads to a. prediction of two resonances 

in the K- -nucleon system with I = 0 and I = 1, both in the region ·Of 300 
. 21 

Mev in the c. m. system. The resonance observed in the K- ~P system 

is at slightly higher energy and is somewhat wider than would be ex

pected from the TT-nucleon resonance. However, such discrepancies 

need not imply complete disagreement with the idea of global symmetry, 

in view of the approximate nature of the scheme. 

At present, the development of the theory of K-nucleon inter-

action is at a quite early stage. A complete theoretical interpretation 

of the behavior of the cross sections is therefore not possible. Further 

experimental information on both elastic and inelastic scattering processes 

will be nece~sary before one can definitely assign the cause of the observed 

resonance. 
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APPENDICES 

A. .Raw Data Tables 

r;1 
Table A-I. K-- hydrogen data. 

Nominal No, Counts in transrnission counters 
" of -------------momenta T1 T T T T3 T Target 

(Mev/c) K-mesons 1 ace 2 2 ace 3 ace 

700 27 000 19 131 894 19 859 1 822 empty 

700 32 506 20 897 1 138 21 878 2 377 full 

800 36 031 26 856 1 188 27 938 2 799 empty 

800 43 002 29 076 1 183 30 425 2 579 full 

900 64 992 49 055 4 122 50 348 3 774 53 145 7 313 empty 

900 . 81 413 55 693 5 252 57 637 4 691 61 ioo 9 255 full 

950 39 003 29 983 2 928 30 716 2 878 32 234 5 583 empty 

950 44 132 30 477 3 023 ~1 323 2 970 33 351 5 816 full 

1000 62 404 47 621 2 930 48 617 2 691 51 847 6 398 empty 

1000 71 006 48 452 3 192 49 573 2 891 53 693 7 311 full 

1050 40 937 31 843 1 749 32.671 1 885 33 914 3 234 empty 

105Q 53 040 36 781 1 759 37 787 1 899 39 783 3 207 full 

1100 55 823 43 573 2 329 44 630 2 122 46 956 4 828 empty 

1100 61 000 42 153 2 175 43 339 2 174 46 298 4 815 full 

1150 45 000 36 125 2 942 36 815 . 2 930 38 360 5 704 empty 

1150 51 000 36 232 3 189 37 118 2 995 39 412 6 258 full 

1200 61 521 47 767 2 624 .49 352 2 853 51 355 4 991 empty 

1200 86 045 59 954 . 3 136 62 060 3 657 65 435 6 229 full 
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-Table A-IL K -deuterium. data., 

~.:-

Nominal No" Counts in transmission counters 
·· inonH'~nt~ of 

T1 T T2 
T ... T ,·· ·T. Target 

(Mev/ C:) K--mesons 1 ace 2 ace· 3 ' 3acc 

700 16 980 11 552 478 11 826 .583 12 338 .1 095 empty 

700 ZA 854 . 14 038 674 14 481 809 is 349 1 447 full 

800 25 001 18 397 891 18 779 1 256 19 512 2 052 empty 

800 35 000 21 094 1 086 21 668 l 441 22---913 2 '477 full 
,: '- 900 29 753 22 014 1 655 22 674 1 643 23 847 3 023 empty 

900 36 733 
.. 
' 22 457 1 688 23 314' 1 954 25 3 509 full 131 

.. 

1050 . 32 003 25 159 2 093 25.715 1 86"3 26 837 3 961 empty 

1050 42 853 26 690 .. 2 107 27 541 2 117 29 708 4 354 full 

1I50 . 80 936 64 861 4 188 66 122 3 777 69 001 8 218 empty 

1150 104002 66 086 '4 640 67 955 4 428 72 806 9 620 full 

,: ~ .~ . 
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B. , Decay-in-flight Corrections 

l. First-Order- Corrections 

For corrections to the first order, we assume that all decay 

·products miss the transmission counters. If, when the target is empty, 

NEO K- mesons pass the last Cerenkov counter C
2

, the number that 

will survive at the transmission counter is given by 

(B-1) 

where x
2 

= the distance from a point midway between C
2 

and B 
4 

to 

the transmission counter (see schematic below); and 

A.= mean decay length of the K. mesons, 

~ = attenuation factor due to the target assembly. 

cz 
n ........__ 4---

LJ 
Cerenkov 
radiator 

H 
2 

-r= __ :::-3 
/ target 

Scintillation 1-<e~A.-.· __ 

counter ~ 

Beam axis 

----· xl 

Fig. 18. 

Transmission 
counter 
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Similarly, when the target is full, we have the number of K 

that will survive at the transmission counter given by 

mesons 

where 

and 

NF= NFO' exp[-nCTL] exp[- ~] exp -[(x2 -x1 )/>..] exp[-x 1/X.']. 

. (B-2) 

3 n = number of target nuclei per em , 

CT = length of target, 

x = distance between center of target and the transmission 
1 

counter, 

A.1 = mean decay length of K mesons at the slightly reduced 

momentum after passing through the target. 

The mean decay length is given by 

(B-3) 

where quantities c, 13, and 'i have their usual meanings, T is the 

mean life, p is the momentum, and m
0 

is the rest mass of K- mesons. 

From (B-3) we get, by substituting m
0 

= 494.0 Mev· and T = l.224X 10-
8 

sec, 

:>..: = 24.37 p, 

where A. is in ft and p is in Bev/ c. 

Also from (B-3) we obtain 

If we write 

A.' = A.- & = A.(l - ~ 
or 

A.' = 24.37 p (l - 4:>) 
p 

(B-4) 

(B-5) 

(B-6) 



-7 3-

where .tp is the momentum loss in th~, target, the la.st exp~nential 

in Eq. (B-2) becomes 

= exp[ -x/ A.(l+&/A.)], 

= exp[-x/A.) exp[(-x/A.)(&/A.)], 

xl ~ 
= exp[ -x/A.] (l - 24.37 2) 

p 
(B-7) 

Equation (B-2) therefore becomes 

xl .6p 
(l- 24.37 2). 

:p ' 

(B-8) 

From (B-1) and (B-8), the ratio of the target-empty and target-full 

transmission factors is given by 

. -1 
xl ~ ) 
24.37 2 

p 

The total cross section with the first-order correction is, therefore, 

or 

l xl ~ 
<Tlst = <Tuncorrected - nL ( 24.37 2) · 

p 
{B-:9) 
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2. Complete Decay-in-Fliight Corrections 

If we take account of the probablity of charged decay products 

being counted in the transmission counter as K mesons, Eq. (B-1) 

becomes 

(B-10) 

where 

B. = K mesons decay branching ratio in the i_th decay mode, 

Pi ( 8(x) Y = probability of detecting the decay products from the i:_!;h 

decay mode within an angle 8(x) about the direction of 

motion of the K mesons,· 

2:' = attenuation factor for the decay products by the empty 

target assembly. The first term on the right-hand side 

of Eq. (B-10) represents the attenuation of K mesons due to decay 

in flight and the presence of the empty target assembly, the second 

term represents the probability of detecting decay products in the 

transmission counter from K decays ahead of the target, and the last 

term repre·sents the probability of detecting decay products from K 

decays between the target and the transmission counter. 

If we assume that the empty target assembly attenuates the 

decay products by the same factor as the K- mesons (a good assumption) 

we have 2: = 2:'. Also, the momentum loss by the K mesons in pass

ing through the empty target may be neglected, Thus A. = X.'. Hence 

Eq. (B-1:0) reduces to 

xz 
NE = ex:r{ -x

2
j X.] exp[ -:~]+~xp[ -2:] L. B

1
. J( exp[ -x/ A.] 

."NEO II. 
. 1 0 

(B-11) 
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When the target is full,· the momentum loss in the target is not negli

gible; hence the transmission factor for the full target is ~ 

NF 
~ = exp[- (x2 -x1 

)/A.] exp[ -x/X.'] exp[ .:.~] exp[ -n·CTL] 
FO .· . ·. · · ... x -x ·· . 2 1 

+ ~ exp[ -~] ~- Bi 1. exp[-x/ A.] Pi ( 8(x)) dx - ' 

·0 

1 
+-exp[ -~] 

A.' 

(B-12) 

Here again the respective terms represent the same ._quantities as in 

Eq. (B-10), except that the attenuation due to liquid hydrogen or deu

terium is present in the first and the last terms. 

The branching ratios of K mesons have been measured by 

N. A. Nickols 
26

. and were found to be.consistEmt with the CPT. theorem; 

that is, the agreement with the K+ -~eson branching ratios was re

markably good, Therefore, in calculating decay-in-flight coxrection, 

the K+ branching ratios 27 were used as they were statistically rriore 

accurate. 

The probability Pi (e(x)) that a particle will decay into a cone 

of half-angle 8(x) can be written down exactly from our knowledge of the 

kinematics of the decay process. It is quite straightforward for the two 

most abundant decay modes KJJ. 2 and KrrZ' For three-body decay 

· P. (e(x)) is more complicated, but simplified calculations are possible, 
1 

13 . 14 as shown by Blaton . . and Baldm et al. Hence all the integrals in · 
.. ~ ~ . . . ~ . ' 

Eq. (B-11) and (B-12). can be calculated, and an exact correction for· 

the decay in flight may be made. 
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C, Multiple Coulomb Scattering and Beam Divergence Cor.rections 

The horizontal beam profile F(r), as a fu:nc.tiori of distance 

from the beam axis, is shown in Fig. 14. The vertical profile is very 

similar to the horizontaL If we assume a cylindrically symmetric 

beam distribution about the beam axis, the number of particles passing 

through an element of area dA is 

dN = F(r) dA = 2 'IT r F(r) dr . (C -1) 

The total number of particles in the beam is 

00 

N 0 = 2 rr 1 r F (r) dr . (C-2) 

A general method for applying the correction for multiple Coulomb 

scattering to experiments of this type is described by R. M. Stern

heimer, 15 Barkas and Rosenfeld give a more accuratt;: expression for 

this cor.rection. 
16 

The general method is. to assume that Coulomb 

scattering has a Gaussian distribution in angle, with a root-mean-square 

angle e ' given by 
rms 

e = 15(Mev) ,JLjL d(1+ E)radians,' 
rms pv(Mev) ra 

(C- 3) 

when p' and· v i:ire the momentum and velocity of the particles r.espec

tively, and L/L · dis the thickness of the scatterer in radiation· 
. . ra . . . 16 

lengths. The correction factor E is given by Barkas and Rosenfeld, 

Let us denote the Gaussian distributions due to multiple scattering in 

liquid hydr_ogen or deuterium by G(r): therefore, 

!"' G(r) dr = 1 . 

-oo 

(C-4) 

•.. 
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If we have a circular counter of ra(li,us R, the pumber of particles 
. 

passing through the C01J.nter when the target is empty is 

R 

NE" 'z-rr 1 r F(r) .dr. (C-5) 

When the target is full, the number of particles passing through the 

counter is reduc,ed because of multiple scattering, and is given by 

NF " 2u I J r' F(r') G(r-r') dt dr'. 

0 -oo 

(C-6) 

Since all the funCtions involved in the integral of Eq. (C-6) are either 

• measured or known, the integration ·can in principle be carried out 

exactly. In our case, the nature of the Junctions inVolved allows us to 

perform the integration in a much easier way. Let us write 

2 TT r' F(r') = H(r') and note that H(r') is a smoothly varying function 

with respect to G(r - r'). This allows us to expand H(r') as 

2 a2H 
H(r'):H(r)+(r-r')[!~J + (r~r') [ u ] + ··· 

' u r r a r 1 2 r 

.·Equation (C -6) therefore becomes. 

or 

NF = 1. R 

0 

J G(r -r') fH(r) 

-oo 

+ (r - r' )[ ~ ~ ] 
. u r r 

¥ (r ~ r' )2[ a 211 1' + 
2 a r' 2 r 

1 t dr' dr, 

{C-7) 

(C-8) 
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G(r - r') dr' 

[ i·H l dr_ roo _,_(r---=-_r~' )2 G(r- r') dr I + ... 
dr'2 r j_~ 2 

The second integral vanishes, since 

J (r - r') G ( r - r' ) dr' = 0. 

-00· 

Also we have 

[ (r - r' )
2 

G(r - r') dr' = 

-co 

(C-9) 

where r 1s the projected mean radius due to multiple Coulomb 
m 

scattering, at the location of the 'transmission counters. Hence Eq.-

(C-9) becomes 

2 
r 

NF = NE+ ~ [ :r] R +higher-order terms. (C-10) 

Probability of scattering into the transmission counter is 

F{R) = 
r m 2/ 2 [ dH/ d~] R 

(<;;-ll) = 
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If we denote measured transmission factors by T E and T F for the 

empty and full target respect~vely, we can obtain the corrected cross 

sections·: 

1 . TE 
-u =·-in- P(R) 

corrected nL · T F 

1 TE 1 . 
=-·in-+ -in 

nL TF nL 
(C-12) 

2 
rm. dH 

Expanding the,. second log term we get, since -1 < 2 N . [ dr ] R < 1, 
E . 

2 
1 rm dH 

· u = u · + [ ] (C 13) 
corrected uncorrected nL 2N dr R -

E 

The [ dH/dr] R is a negative quantity, hence the correction decreases 

the magnitude of the measured cross section. · The quantity r Can 
m 

be caiculated from the known information about the target material, 

the pa'rticle momentum, arid the distance of the transmission counter 

from the target. Terms NE and [ dH/ dr] R are obtained from the 

measured beam profile; Thus the correction due to multiple Coulomb 

scattering can be applied without performing curobetsone integrations. 

It should be noted that from a measurement of the horizontal 

and vertical beam scans a total of four H(r) are obtained. Since in the 

above calculation we as'sumed a cylindrically symmetric beam distri

bution, the correCtions· should be carried out for all four H(r) distri

butions. An average ;of the four corrections should be taken as the 

final correction. For a· beam distribution that is not so uniformly 

distributed about the beam axis, more than two beam profiles will be 

necessary to obtain a good estimate of the· correction by this method. 
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