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MESON MASSES AND ENBRGETICS OF MESON DECAY”
‘Walter H. Bérkas

Radiatibn Léboratdry and Depariment of Phyéiés
University of California, Berkeley, California

'I.shali réview today a number of éxperiments perfdrmed at the Uﬁiversity
of California Radiation Ldboratory which pfovide ihfdrmation bnathe mesons masses
and on'thg'ehéfgy balandeiin the decay of charged mesoﬁs° The work has been a
part of a broad ﬁrégrgm of basic research generously and wisel&.suppdrted by
the Atomic Energy Commission which in time will‘iead.to a more satisfadtory un-
derstanding of miclear and submiclear processes.

Tt is‘genéraliy known that the T meson decays into a mu meson and a neu-

tral particle, which is»Offen assﬁmed to be a neﬁtriﬁo;"The m meson ih turn

decays into an electron and presumably two neutrinos," Tﬁe méasufement of the

meson masses has of course a certaln Antrinsic importance, but. the values of the
masses also enter into thevtotal energles‘pf'the.decay sChem335 S0 that_the mass
measurements SQrve to,confirm or conﬁrgdictlthe assumed'decay réactibns, As of

a year agb; the situation}was soméWhét as followS° A'Sériesbof experiments at

the Radiatlon Iaboratory starting with the work of Gardner and Lattes had been

made in which meson momentum and range in nuclear emu181on were the quantltles
measured, and from which mass estlmates were obtalned,”.Each-e;perlment had
taught somethihg'newvabduf"ﬁeaéuremént‘of the rénge and‘moﬁentum§“the‘control of
background, 1lm1tatlons of the range—energy relatlon, range straggllng, and the

technlque of using the cyclotron as a prec1s1on 1nstrument Flnally, after

Inv;ted paper VI, Meetlng of’ uhe 5merlcan Physical Soclety, Washlngton, D. C.,
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making a careful determination_of_the'range energy_relation} for protons in
ilford‘CZ emulsion, néw mesoh measﬁ#émgnﬁs were made from which we reported2
the mass of the ‘n'meéon to be 276 ¥£“6.e.m._uwg also gave the p meson mass as
210 4+ 4 e.m, based partlyvon the older measurement of Latées on the Tto p
maés rétio. In the‘survéy of meson -behavior, Lattes had also.measured the
range in emulsion of a number of p mesons arising from the decay of T mesons
aﬁ rest, The particular emulsioﬁs in which the mesons were found had not been
calibratea, however, so that with the uncertainty in the p mass, only an'approxi-
mate Value‘éf about 4 Mev was known for ﬁhe decay energy of the p meson., The,
earlier work is illustrated in Figs, 1 and 2. |
The mass values of a year ago were hardly thgsé with which to be satisfied.
We particularlyvregretted.that the probablé errors which we found it necessary
~ to quéte were mﬁéh 1argef than the‘attainable statistical errors. Uncertginties
leading to possible systematiq errors included the_following,uas wéll as a num=
bér of minor oness |
B (a)l_Vériation of the stopping powér of the emuision'from plate to plate
and with the ambient humidity. | -
. (v) Uncertaihty in the proton range-enérgy curve, A lérge‘pért,of the
curve had to be known for the earlier experimeﬁts’because a con-
.siderable interval éf meson momenta had to-be,accepted-to obtain
enough good tracks for meaéuremént; | |
) (c)l Uncertainties in the absolute value of thg cyclotron magnetic field,
-and‘in the position of the apparatus in the'ﬁonuniform field of the

cyciotron, This pfoblem had been partially solved by bullding a

1 Hugh Bradner, Frances M, Smith, Walter H, Barkas, and A. S. Bishop, "Range-
 Energy Relation for Protons in Nuclear Emulsions," Phys. Rev. 77, 462 (1950)

‘2 F, M, Smith, Walter H, Barkas, Hugh Bradner, and Eugene Gardner, "Meson Mass
Measurements," Phys., Rev. 78, 86 (1950)
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7nneleer induction magnetometer and.mapping the fie}d in the vicinity
“of the apparatus, but a fear still remained that these measurements
were'inapplicable under tne conditions of the experimenfs, We non'
know, however,_by-furtherlexperience_with,these‘effecte fhatAWe were
unduly - pe851mlstlc in estimating the errors. | |
A new approach has been taken during the past year in whlch a determlned

effort to eliminate the objections to the former. measurements has been made,

Our method of mass neasurement depends on the circumstance that_if the range .

" ratio of'two7particles of equal charge is found to be equal to the momentum

ratio, their velocities are equal, and the common ratio is equal to their mass

ratio, There are at least eight other measurable quantities which could be

used in the same way for obtaining the mass of an unknewn‘parﬁiClé’relativeito
that of a comparison particle, buﬁ range and momentum turn onf;to-be the most
cpnvenient and accurate in this caseo | |

1 By dealing only with momentum,and»renge ratios we eliminate»fron the mass
measuremeni tne a5501ute value of the magnetic‘field intensiny,_and.also any
direct dependence on a rangeemomentum relation, . To provide a source of protons
of the correct momentum we introduce a second target into the cyclotron from
which protons are scattered 80 that in the same emulsion we detect 31mu1taneously
protons and the various klnds of mesons. - all of substantlally the same ve1001ty,

To de51gn the apparatus, we of cpurse'requlred a prler knowledge of the.approxl-'

‘mate mass ratios. By improvement of the meson yield relatiVe to the background,

we were able to use narrow momentum intervals, Indivi@uel_determinations of

~that function of the mass in which the meson range appeere linearly are calcu-

lated from the measurements, and treated statistically.” Deviations from the
mean are expected to be normally distributed and the arithmetic avenage is taken

to be the most probable value, For this procedure to be correct, other
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statietical errors must be small in comparison with the range stragglingierror,
end theifanges of monoenergetic pefticies:must be symmetrically distributed

‘ about‘the'most probable range, Because of theee assumptions, we found it im-.
portant to ihvestigate'the phenomenon. of rangelstraggling rather closely. Fig, 3
shows the distributien’of'pf ‘fanges found from T+ mesons decaying at rest.

A Ch1~Squared test indicated that the dlstrlbutlon of the p meson ranges is
consistent wlth e.vﬁ&pothe81s of normallty, Furthermore, the origlnal theory
of straggling given'by Bohr leads to a standard deviatiop.of 4.0 percent, assum-
ing each electren in the emulsion to be free., The additional stragglihg we. find
is probably foo much to attribute to observational errore,A o.thatvpresumably
a small effect of electron blndlng, as estimated by LIVlngstOﬁ and Bethe, should
'be included in the Dtra,ggllng°

To understand more fully the arrangement and philosophy of the meson mass
experiments, Figs, A'f,9 may ‘be helpful. | |
| The first published results3 did not permit us to give reliable information
on the p‘ﬁesen:mess beceuse‘of contamination, - This contamination by mesons
}net coming from the target'also'effectedzthe T meson results, but.we.are satis-
fied that the error is emall in the final values. We plan, however, to improve .
the experiment further.r In the.meantlme_we have carried through another set of
" measurements with new-apparatus in which we obtained the ratio fW/Pv s and the
aﬁsolute momentum of the p meson, Pos given to it when the T meson decays
from rest. Iﬁrthe 1etef eiperiment4'we succeeded in obtaining a p.meson peak

well resolved from‘the.backgrouhd of . p mesons coming from 1T mesons decaying :

3 Walter H, Barkas, Frances M Smlth, and Eugene Gardner, "Meson to Proton
Mass Ratlos," Phys. Re*v° 82, 102 (1951) .

4 Wallace Blrnbaum, Frances M, Smlth, and Walter H. Barkas, "Mesoﬁ Mass Ratio
and Energetics of Meson Decay," Bulletin of Amerlcan Physical Soc1ety
(1n press’)

LAl



»

UCRL-1285
b

at points other than the targetol The 1T/p mass ratio was obtained in the same
way as the meson to protou-mass ratiotwas found, | |

» The experlment is not overg but with our present statistlos we flnd

= 1,317 10, 001.,° ihe dsoayvmomentum of the u meson is found as follows.
First we find p mesons coming from the target having a momentum withln a few
percent of the full decay momentum,, Measuring the momentum and’ range of these
particles, we extrapolate the momentum to match the range of deoay mesons found
in the emuls1on, This requires a knowledge of the slope of the log momentum-
log range curve and of the absolute ‘magnetic field in.tensityo The slope we
know rather well from the combination of theory and measurement The magnetic
field was mapped by measuring the Larmor preoision frequenoy of protons in tne "
field, This method yielded a preliminary value of 29 86 + 0,06 Mev/o for the
meson momentum,

The experiment gives a number of other quantitles of 1nterest 1f we assume

- that the neutral particle is a neut:,no, Thus we find 'ﬂ;p = 66 46 £ 0,16 m

_.i 2 4 m0 as absolute measurements with
1son particle° These figules imply. a

netio energy of the u meson° The relation

between the T and . massesvfor Ve

a function of the momentum of the eson 1s shown in Fig° lO

It is approprlate here to pay filbute to Dr° Eugene Gardner and to reeall

the important part he had in the‘” experiments° This work ocoupied Dr, Gardner's

full attention until his decllnlng“strength foroed its dlscontinuance in April,
1950, He died November 26th His illness resulted from‘work w1th beryllium

at the Radiation Laboratoryo Dr. Gardner“s assoclates w111 always remember his
kindness, his personal 1ntegr1ty9 and the soundness of hlS Judgment He, with

Lattes, took the lead in. the earlier meson mass experlments9 and he was largely

b
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respon51bie ror the present experimental apparatus, He, more than anyone, built
up the body of experienee upon Whlbh our measurement program is based,

In addltion to our relatlvely dlrect method, two other means of measurlng.
T~ meson masses have now been successfully employed at the Radiatlon Iaboratory.
The first of these consists in balan01ng the equatlon.: ' |

P4 r— ak TG "

for the productlon of mesons by tne colllsion of two protons,‘ The 11ne spectrum
of mesons was 1ndependent1y observed by Vo Peterson et a1.5 and by Cartwrlght 6
Each group made a mass estlmate for the Tr* meson from uhe energy of the mesonv
bpeak The line spectrum is 111ustrated in Frg. 11

This method requires an accurate knowledge of the range—energy relatlon .
for charged particles in the material 1n whlch the mesons are stopped This
data is ava:lable from the work of Bakker and Segré 7 and the proton energy is
known from the work of M’ather.,8 Gorreotlons must be made for the range strag-
grlng and for the geometrlcal straggllng due to small angle scatterlng. Their
results are as followss _ _ _
| Peterson eﬁ aib | 279'0 i. 1.5 e n;

Cartwrlght et al. 275. T+ 2 5 e.m,

Another beautiful experlment was’ carrled out by Panofsky, Aamodt and |
Hadley9 who measured the gamma ray energy from the reactlon dlscovered by
them: | | | |

T+ p—>n +Y

5 Vincent Z, Peterson, Edwin Iloff, and Dora Sherman, "Energy Spectrum at 18°
cf Mesons Produced in Proton-Proton Colllslon," Phys° Rev, 81, 647 (1951),
and private communication,

6 w F Cartwrlght, "1r+ Meson Ma3s Determlnatlon,“ Phys. R.ev° (to be publlshed)

7 C Jd. Bakker and E, Segre, "Stopplng Power and Energy lLoss for Ion Palr
‘Production for 300 Mev Protons," Phys. Rev. 81, 489 (1951)

8 R. L Mather, Ph D dlssertatlon, University of California (1951)

9 W, K, H. Panofsky, R, Lee Aamodt, and James Hadrey, "The Gamma Ray Spectrum

Resultlng from Captire of Negative m Mesons in Hydrogen and Deuterium,™
Phys. Rev. 81, 565 (1951)
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This measurement yielded a ™~ meson mass measurement of 275 2 1 2,5 e.m,
The measurement does not involve a knowledge of a range energy relation, but
does require an absolute magnetic field measurement This was made with a
nuclear.flux»meter. Incidentally, the competing reaction,

Tr+p___7n+1r°
2Y

gives a good estimate of the T° mass.. Panofsky,et al.”found:

T = T°=10,6 t 2.0 e.m, ,

The general agreement‘found in these;precision_measurements of ™ meson:
masses by entirely different methods not onlybgives us confidence in the cor=
rectness of the masses deduCed, but also ccnfirms our belief in the reliabillty
of the range energy relations used and the 1nterpretation of the processes as-
sumed in determining the masseso

Finally I shall turn to a remarkable experiment carried out by Sagane,
Gardner, and Hubbard, 10 For this experiment they utilized the large solid

angle and good momentum resolutlon of the spiral orbit spectrometer to measure

the spectrum of decay electrons fre‘_the u meson,' Iheir experimental arrange-
ment and results are shown in Figs, 13 and 14 . | |

- This gives another entirely independent measurement of thelu : mass,
212 £5 e.m., assuming the neutral particles are neutrinos.

A1l the results are summarized in Table I, e

This work vas perfbrmed under the auspices of the Atomic Energy Commission,

Information DlVlSion
scb/5-15-51

10 Ryokichi Sagane,_William L, Gardner, -and Harmon W Hubbard, "Energy Spectrum
of the Electrons from u*‘ Meson Decay," Phys. Rev. (to be published)
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Table I |
~ Measurements of Meson Masses and Related Qhantitieé
o T R A TR LR L, o s NN RS R a it
Experinent el Tl I I a7 W ot s
Smith, Barkas, Bradner |276+6 |27646| 2104 | |
ané Gardner -
Barkas, Smith, Gardner [277.4 |276.1
Carturight 275.1
: 2.5
Peterson, Iloff, Sherman [279,0 |
- 1.5
Panofsky, Aamodt, Hadley 2752 10.6
o S 2.5 - |.42.0
Sagane, Gardner, Hubbard 1215 |
Birnbaum, Smith, Barkas (276.1 (20‘9. o085\ 1.318 [29,86 (66.46)‘
Preliminary Data 12.3 +2,4 /. (;I;0.0AJ) 20,004 |£0,06 |\+0,16
' o i VY Mev .| Mev/e |- ‘

. bl

A1l masses in units of the electron mass,

Quantities in parentheses have been calculated assuming neutral

particle from decay of T meson is a neutrino,
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. Figure Captions

An assembly used in one of the early meson mass measurenments.,
The mesons leave the thin carbon strip target in the backward
direction and enter through the surface of the emulsion, The

~plate is inclinedfa -few dégrees to insure that the mesons will

enter through the surface, A chammel is provided to 1imit the
momertum interval accepted and to reduce background, but some
mesons will scatter from the walls of the channel.,

An 1llustration prepared by Dr., E Gardner show1ng the decrease
in the dispersion of meson mass measurements with improved
measuring methods, The reference to "Barkas et al, ~ Current
Study" is that reported by Smith et al., Phys. Rev, .78, 86 (1950)

Hlstogram of ranges of pﬁ",mesons° One meson with a range of
267 microns was found by F, M, Smith., This event clearly does
not belong to the main distribution, and no evidence of inelastic
scatterin§1lgg observed in the track The‘N-meson probably;de,

_cayed in
‘A diagram showing . the locus of points obtained when 1nd1V1dua1 a .

mesys are paired with protons, A point is ‘plotted for each pair,

' The ordinate is the momentum ratio and the abscissa is the range

ratio, Where the locus crosses the 45° line the range ratio is

- equal t0 the moméntum ratio, and this ratio is the mass ratio.

This diagram was prepared from old data in order to obtain a 1arge
range of the variables; the later experiments utilize only data
in the vicinity. of the cross-over, Note the dispersion caused.

by range straggling. Some of the mesons countless come from
points other than the target; so that a least squares straight
line fitted t he locus probably does not yield the best mass
ratio, e . oL o .

. log-range for protoms in emulsion,
s for ranges abevejmﬂo micronso

The curve of leg«mmmehﬁﬁm
Note how straight”the 1i

Diagram 111us:rat1ng geometry of experiment to measure meson to
proton mass ratio. Scattered protons from the wolfram wire arrive
at the plate with momentum‘greater than that of the mesons from the
carbon target in about the'ratio of their masses. -

Details of the meson target and plate holdero ' The target is in the
form of a carbon cylinder 0,036 in, in diameter and a quarter inch
high, It is mounted on a one mil tungsten wire passing through it
axially, Mesons spiral slightly upward from the target which is ,
mounted in the median plane of the cyclotron, and enter the emulsion
through the surface, which is facing downward. The large copper
block contalning the proton ehannel shields the plate from stray

~ protons,
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Diagram illustirating the trochoidal type of orbit in the median plane
followed by a charged particle in the radially decreasing magnetic
field of the cyclotron. Careful calculations of the momenta were
made from the measurements  of the positlon and dlrectlon of the
partlc e as it entered the emulslon. T ~

I11 ustratlon of method of calcuiatlng the quantlty Ml"q for 1nd1v1dua1
mesons, The dispersion in this quantity is assumed to have a Gaussian
behavior, c oo e ‘ e .

The relation between the T and p masses for various values of the
neutral particle mass, 'V , as a function of theé momentum of the
meson, It can be seen that while our measurements are consistent
with ‘a scheme in which the 7r meson decays into .a -p meson and a

neutrine, the mass..of the neutral particle can .only be determined

with an error of several thes the electron mass,
The 11ne spectrum of mesons from which Cartwrlght measured the'W* mass.

Gamma-ray spectrum observed by Panofsky, Aamodt, and Hadley from the
absorption of T  mesons in hydrogen. The spectrum is constructed

by observing the positron-electron pairs produced by the photons in

-a thin strip of tantalum, The high energy peak is attributed to the

13

reaction T~ + p—> 0 +Y , and the low. energy peak to the reaction
T+ P —> N +WC—> n+ 27, :

I1llustration of +he spiral orbit spectrometer. The proton beam is

directed perpendicular to the paper and traverses a target in the
pole gap on the axis of the magnet. Electrons from the decay of p
mesons stopping in the target follow paths as illustrated. Those"

- which traverse all four crystals are counted, An:.important advantage

of this type of spectrometer is the large s0lid angle of collection,

The spectrum of positrons from the decay of *+ mesons. The points
are the measurements, and the curves are the predictions of various
theories, The upper limit of the positron energy distribution yields
the p meson mass, if the meson is assumed to decay into a posi tron and
two neutrinos, - : C :
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Rl = f(‘VM‘ '- : R, P - Range and Momentum of Particle
. . . : of Caleulated Mass M .
{General relation) '. (Proton Mass = Unity)

% = offhf

MESON T0 PROTON MASS RATIO CALCULATION

Rps Bp Proton Rango and Mumentum

(An approxinate relation with q=z3.44 and C a constant
of the emulsion - valid for large range of R and P)

C = RPAPQ (for average proton) .

W . (EYE (_.g;) L7

Fp

ERROR IN METHOD:

If momentum ratio, VPP’ 1a My + § rather than the true mase ratio, My» and Af
q 1s q, + € rather than the correct axponoﬁt ‘io’ then the apparonﬁmasrmtio

M will be in error as follows:

M- L _
_“o.}k a ﬁ M.% (1- ho—‘:i -.'-2%-;- 4 ooo terms of h'igh‘er order)
for go < 05 "s'/’M'o s .o, (S/MO)Z .00, €

=

‘;o’*’ < .002 % 0001 % .00005,

and the average error vill be :

A

£ 0004, ¥ .00002 % -,00002
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