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ABSTRACT

: Measuremenfs of grain densitieé of stopping 3fiand 7~ mesons in
emulsion show that, in the'velocity interval 0.051 < B < 0.178, the
enefgy-loss rates of n+ mesons exceed that of‘the r b& amounts of
0 to 60 MeV/cm. Thé reported range differences betwéen poSitive and

negative particies are satisfactorily accounted for byfthe results

of this experiment.



range difference between positive and negative pions at T ~ 1;6 MeV.

g
Convincing ev1dence that slow negative particles lose energy at
lower rates than do p051t1ve narticles at the ‘same velocity has been
reported by Barkas et al.l By measurlng the 'ranges in nuclear emulsion
of the pions and hyperons in tne reéotions (at rest)
| K- +p —ani.+ 2;
Barkas et al. found that the momentum of the low-veloc1ty £ (B = 0.143)

2,3

was 1ncorrectly given by the existing range momentum relation, a re-

lation that 1is based'on Rositive-particle ranges. The obeerved range of

the =  produced in the above reaction was 709 * 1.5 B, some 25 u greater
than expected from the range-momentum relation.
Corroboration of the effect has been obtained from a measurement of

N

Also, there is ev1dence for stopping- power differences between the ..

p)

positive and negative hyperons in hydrogen. Too, it is. highly probable

that the apparent differencé between the masses-of the positive and

negative pions6 can be explained by this effect.

The above observations on the anomalous ranges of stopping negative
particles summarize the data that indicate the rate of energy loss is
dependent on. the sign of the charge of the incident particle. In the

experiment we are reporting here, we have examined this problem further,

~and have observed‘direcfly the difference in the energy-loss rate of.

stopping positive and negative = mesons in nuclear,track emulsion.

The range interval over which ionization measurements were made was

'l 1 <R <200 p, which corresponds to a velocity 1nterval 0. 035 <B <(l183

+
for the T meson.

The data we shall discuss were obtained from a stack JFf 300 p= thick



-2~
I1ford G.5’emulsions that'was sequentially exposed to.beams of ll5-MeV/c
#t and n~ mesons. 'The‘ma;imum density_of.piOn.endingsvof eacn charge
was'104 cm—3. The emulsions were isothermally developed at SOC,‘by use
of a reduced concentration'of the develobing agent (0.2 g/1 Amidol);
This procedure reduced the effective senSitivity of the emulsion so that
the grain dens1ty at the ends of the stopplng plons was unsaturated,
making ionization measurements p0551ble, yet permitted the detection of
the characteristic w-p decay 51gnature of the n+ meson. The n~ meson
was readily identified by the hlghly ionizing secondary products that
result from its nuclear capture at rest.

Only those pions that could be unambiéuousiy identified as to charge
Were.used for ionization measurements. Beginning at the St0pping point of
the pion, the blob denSity, B (in blobs per p), and lacunarity, L (the
llnear fraction of a track that con51sts of gaps), were measured, in cells
5 to 50 u in length, for a total range of 200 u. B and L measurements
were taken only when the dip angle of the track segment‘in abgiven cell
. was < 150. 'No dip-angle corrections were made to B and L..'The grain
density measurements began_at the first well-defined blob of the stopping
" plon track that was separated from the end blob by a measurable gap.
Eliminated, therefore, was the‘terminal blob of the track, a blob of
.uncertain origin in that it could be attributed.to the ionization of
_the.secondary 1~ star prongs -~ or, to a much less extent, to the uedecay

'product of the n¥

-~ as well as to therpion itself. The actual starting
‘points of_thevmeasurements were distributed about an average 1.1 p from
the pion endings. The starting-point distributions of the samples of

7t and n” mesonsiwe'used to .intercompare the rates of ioniéation were

identical. Data recorded for each pion were (a) its charge, (b) the



density of the track, Barkas

EMeV'

3-
distance from track eﬁdihg at which measurements-began,v(c) the number
of blobs, B, and lacﬁnarity, L, for_the'iﬁh éell, and (d) the start and -
end coordinates 6f the»iﬁh cell, the nominal cell length being adjﬁsﬁed
to be an integral number of blob-gap units.

Table I présents the results of the graih density measurementsﬁ

. Listed for each cell are’ the aVerage range intervals' (differences between

the ﬂf and 7w~ cells were‘négligible), the mean.n+ veiocity, and the rétios‘
g+/g-ias obtained from ﬁhe'ratios (a) (B/L)V(B/L)_ and (b) 1n Lv/in L_.7
The data, based upon a ﬁofa& of 1.85 x lO5 blob;gap units, are the compi-
lation of the results of fi#e scanners from 11 different emulsions plates.

In order ﬁo relate grain.densities to rates of energy ldss, we assume
that the grain structure of a.particle track resﬁlts frqm energy losé iﬁ
silver bromide only; i.e.; energy loss in the gelatin has little effect
in production of grains. Thié grain-producing iohiiétioh in silver
bromide is called the restricted rate of energy‘ioss. Under fhe‘assumption
that © rays with energies in excess bf w tend to leave the silvé? bromide
crystai, and therefore do not contribute to the obsefvable primary grain

, 7 has cbmputed the restricted rate of energy

loss in AgB;, ;f(in&units MeV g’lcmg), as a fune£ibn of proton energy, for
w =2 and‘S keV.‘ |

The observed grain densitj, g, can be related td L’ by the empirical

n_|_

two-parameter function 1ln ey Ai’, where N is constant and n is the »

average number of Silvef‘b omtde crYstals penetrated by the ion. We obtain

© the best meximm-likelillood fit of the n* grain-density measurements to this

function when we use (*(2 keV), with n = 2.20 * 0.05 grainé u‘l'and-k = 38.9

lg en™2.



- given that m_, =m

. |

The reduction of the data thus entalled evaluation of the ratlios
@;/ for each of the’ observed g+/g ratios listed in Table I, from which g
the ratios and differences of‘the total rates of energy loss, t(in units
MeV cm—l), are computed. Figure 1 presents our results on the differences
 between the rate of energy loss for positive and negativevpions versus
the pion range. The diffenence.L+-LT = 60 MeV/cm observed in the first
cell corresponds to an i, that is about 14% greater than +_ at (B) = 0.051.
For velocities B'; 0.14, the energy-loss rates for the positive and negative
pions are equal to within the'l% statistical error.

On the basis of the energy-loss datavshown-in Figure 1, we have com-
puted the differences in range betWeen the ~ and n mesons, R(n')eR(n+)=AR,'

as a function of R(ﬁ+)._ The difference AR is given by

- L (®)] f e Ja.
The values of AR for pion ranges greater than 1.1 p are given in Figure 2.
The curves above and below the data illustrate how the range differences.
depend on possible differences in the energy loss ef the pions behweenvO
andni.l TR The top curve applies if the total energy lost by the n+ meson

An the first micron exceeds that of the =~ by AE = 15 keV - The lower curve

applles 1f AE = -15 keV The data are also compared with range dlfference

~ measurements. .In order Qf incieasing renge, we shsw the range differences

obtained from (a) the I-hyperon data,l'where R and'AR.are'normalized by
the facnor m /m for this figure; (b) the'range difference of 1.6-MeV

ar'mesons;LL and () at 725 microns range, the range dlfference which y
| 6

would account for the measured mass ratio m]r--,_/mIt = 0. 9969 t O 018

LS I £
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As demonstrated in Figﬁre 2, the reportedvréﬁge‘differences betﬁeen
negative and positiVé particles can bé fully-accounfed for.by the results
© . of this experiment. The'signvandbmagnitude of the differences in energy-
loss rates (1, - L_ (Figuré l) are sufficient to réproduce the range differ-
ence data. The range differences of-the pions‘are’within the étatistical‘
errors of the respective data. Theﬂdiminished vélué of thé equivalent
pion rénge'difference obtained froﬁ the £ range data could be explained;
in part, if the =~ pos;essed a large capture cross section at low velocities,
fhereby decreasing'its range, and hence range,aifference. Evidence for this
possibility comes from Bérkas et al.,l‘who found the range straggle of the
£~ was anomalously large -- about 50% greater than that observed for the
5* and that predicted by straggling theqry. -

It is the unknoﬁn behavior of the energy losses for the positive and
negative pions between O and 1.1 u range that introducés the largest un-
certainty in the estimate of the total range difference. This is illustrated
in Figure 2 by the range-difference curves, which as described above, were
computed under the assumption that the differences in total energy loss
for the n' and n~ between‘d and 1.1 p is AR = +15 -keV'(uppér curve) and
AE = -15 kev (lower curve). It is possiﬁly significant that the expected
range differences for the latter case egree more closely with the range-
difference dafa. Furthervwofk on the nature of enérgy-loés ﬁrocess at
veloéities'B < OfO35 (Bn+ at l;l u range) is clearly nécessary to clarify
this;point. Pertinent informatibn dn this topic éould be obtained by
-undertaking measurements similar‘tolfhose reported hefe.using he@fiér

particles, such as p and p.
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The results of this ekperiment give dirgét evidence for a difference

in the stopping power for positivevand negative particles at the same )
. . : . W

velocities, when these veiocities are comparable to those of atomic electrons.
| Qualitatively, the effect can be described by-notiné.that Coulomb attraction &
of the electrons in thevstdppingvmedia by a slow positive particle.will fend
to increase the collision frequency with thé electrons, thereby increasing
~ the energy-loss rate of the positive particle. 'Qonférééifé sldﬁ negative
particles ténd to repel the electréns of.the'media, the electron colliéion
andlenergy-loss rates are reduced, and the rénge is increased.

Such an effect is predicted by second?ordéf Born-approximation

9

stopping-power theory. The second-order_Born approximation introduces a

3

term’in the stopping power that‘is-proportionai to 2 of the incident
particle, and hence’is of the correct nature to account for £he observations.
However, quantitative theoretical treatments have nbt beeh successful, and
a theory of this effect remains to be develoPed.lo
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Table I. Grain density ratios.’

 Cell

N

£ W

® N O W

Range (p)

1.1 to 5.1

to iO.l

to 15.2.

- to 25.2

tO 50.[3 .
to 100.2

to 149.9

to 199.9

0.178

{B) g./e.
, @ ®
0.051 ,1.078 +0.022 1.070 + 0.019 -
0.07L 1.030 + 0.016 '1.035 £ 0.013
0.08k 1.018  0.015 1.018 * 0.016
0.097 l.OSO:i 0.013 1.050 + 012
' 03117 1.002 £ 0.009 . 1.020 * 0.008
o'.»11+2' 0.992 * 0.011 0,988 + 0.011
0.163 1.002 + o.oih 0.9% * 0.012
1.006 i_o.oiu 1.001L * 0.013

(g

W



Fig. 2

FIGURE CAPTIONS
The diffefence between the total ratee.of enefgy loss for
positive and negativeﬂpione, t+ - t;; vs range.- The energy-
loss diffefences evaluated from the érain density'iatios
given in columns(a) and (b), Table I are denoted by the symbols

X and e, respectlvely. The hatched areas above the range . scale

:indicate_the interval of range over Which the ionization

1

‘measurements were made.

The differences between the n~ and ﬁf ranges, AR =_R(n-)-R(g+)
vs the pion range, as derived from the energy loss differences,
Fig. 1. For ranges greater than_l.l'u, AR can be represented

by the function - _
s . . R-1.1 \
This curve is drawn.through the data points The dashed

curves above and below the data 1llustrate how AR depends on

the (unknown) difference in energy loss between 0 and 1.1 .

The top curve applies if the total energy Jost by the n+ in
the first'micron exceeds that of the n~ by AE = 15 keV.

The lower curve applies if AE = =15 keV. The range

- differences reported in References l;_h, and 6 are also’

shown .




o]
(@)

LU (MeV em™)
O

N .

© -10-

(o) SR
o

10 o
RANGE (microns)

. Fig. 1

XBL 691-151



3 o

EET

- .
v T ¥ T T - T 7 T T — '.T
12 b O . BARKAS,DYER, AND HECKMAN | -
© BARKAS, OSBORNE,SIMON, AND SMITH =~
10 F A BARKAS, BIRNBAUM, AND SMITH 4
o THIS EXPERIMENT ‘ :
| ' - AE=+I5 KeV . T
- 8 25—, DD — P -
» | ——
[ 3 .
S
L& l /A
E I 7 2
5 | ,
4 ________ -
4 AE=-15 KeV
2 - a
._ T
b 1 L 3 [ N . 1 1 1 t |v Y/ |
O 20 40 60 80 100 120 140 160 180 200 7 725
' ' R (microns) i i
ABL 691-152
Fig. 2
4




-
W

kﬂ.",

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. o

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of '
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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