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Invited paper: »washington Meetingfof'APS,ol969
- STOPPING-POWER DIFFERENCES BETWEEN
POSITIVE AND NEGATIVE PARTICLES
AT LOW VELOCITIES
Harry H.-Heckman
Lawrence Radiation Laboratory .
University of California

Berkeley, Callfornia

For a symposium such as we are hav1ng this morning on the

"Penetration of Charged Particles in Matter," I doubt if I could present

a formula more fundamental to this subject than the follow1ng one:
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where

mean excitation energy
shell correction term:

density correction term
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This is alvery familiar expressionatobus all. It gives the rate at

,which & charged particle loses energy by ionization in travers1ng matter.

For the experimentalist in particle and nuclear physics, it is used, for
example; as the/basis for estimating particle velocities; for'estimating
the charges carried by relativistic, heavy primary cosmic rays;. and,

when augmented with total energy information, for estimating particle v

masses, as 1s now being done: so accuratelytwith the solid-state particle

jdentifier. Certainly, it is basic to any theoretical or semi-empirical

conputations on particle ranges.in matter.

This expression describes well the energy loss process,has

~attested to by thevseveral_experimental techniQues T have just mentioned.
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BUt, we are also aware of its limitations. - The energy-loss formula is
prinéipally:valid when particle velocities are large compared to the °
electron veiocities in'the stopping‘material When the velocity becomes
relativistic, the expression dlverges logarrthmlcally and must be corrected
to account for the restrlct;on in energy lOSS in condensed materlals by
the polarizability_of the stopping medium. Atflow velocities, the tightly
bound electrons are perturbed only adiabatically and therefore do not
contribute to thebstopping. Forvmulti-Cherged particles; the'mechaniSms
of charge_exchange add yet another coﬁplication;

None the”lese, experiments and theoreticel work on the mean
excitation'energieéj I, the shell corrections,'C/Z; and“the reiativistic
density correction term, 6,‘have led to & rather thorough comprehension
of the energy-loss process. I would like t0 mention that the 1964 report

on Studies in Penetratlon of Charged Partlcles in. Matterl publlshed by

the - Natlonal Academy of Sciences - National Research Coun01l exhlblts
well the "state-of-the-art" of this field.
These Very general remarks serve to;introduce the'subject of wmy

talk, which is on the "Stopping Power Differences Between Positive and
Negative Particles at Low Velocities."' Quite . obriouSly, the energy-loes
formula does not indlcate that such a dlfference might .exist. The 22
term dlsallows any dlfference between the stopping of positive and
negative particles. of course, the réason for this lies in the fact
that this expression for the rate of energy 1oss was derived using the
lowest order Born approximation. This is essentially an impdlse approxi-

mation, ‘where the interaction time between the incident ion and the atomic
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electron is short;vT ~ h/Eﬁ; where Eﬁ:is the enéfgy trahsferred in the
collision; 'In_ordervthaf théig}gﬁ of the chérgelbf the incident particle
enter into the ?réblem one requifes,ldng collision times, and the Bethe-
Bloch formula is not valid under these ‘conditions.

What, then, is the experimental situation? First,Ait can be

said that_différences in the stopping power between boéitive‘and nega-

tive particles have been observed; and second, that these differences
occur for velocities B < 0,18, It is myzpurpose,'then, to review for
you the experiments that have given us some information on this inter-

esting effect.. Asvyou will bécdme;awarej,ihé5Obéervafions have been

féw, some of marginal statistical accuracy. All herald the need for

more experiments. .
The first unambiguous evidence thatbpafticles of opposite charge
lose energy at different rétes{camé from.avserieé of nuclear emulsion

experiments carried out betwéén 1960 and l965’by'Barkas, Dyer, and

Heckmanég The purpose of-fﬁéir‘experiments‘Waé not'tOFS£udy‘stopping

' power differehces, bﬁt to measure the momenta”and masses of the &

hyperoﬂs prdduced‘when'K_‘mesons are captured at rest b& protons. In.'
' . . / . .
Table I we SUmmarize'resﬁlts‘from éhese exPerimentsithat are relevant
to ou£ presént discussion; " When s K- is captured by a proton at.rest,
two final'stateé afe_possible:? (a) .x- + 3zt and (b) n+ +'Z- . By.
measuring the ranges and momenta of the = hyperqhs aﬁdipions in’thése
reactions as well as the proﬁoﬁ and pion_decay‘productsvof the &'s,
Barkas, etAal., accurately deﬁerminedvthé masseé~of the K meson and &
hyperons. They'also were able to verify energy and momentum balance

fqr the T +\Z+ final state, but, unexpectedly, not for n+ £ 2. In"
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reaction (a), the. momentum of the ﬂ ‘and 57 are equal w1th1n the quoted
errors, whereas in’ (b) the momenta of the n' and I~ appear to differ by
2.0 * O.h MeV/c, a 5-standard deviation diserepancy; A number of
possibilities were considered in order to eXplaiﬁ the difference. The
fiﬁal conclusion Barkas, Dyef, and Heckﬁan eeme tbﬂwas.that everything
was all right,--provide@ you'neglect the range of the £ . In other
words , they concluded the range of the.Z; hyperon, at the pion'momentﬁm
of 172.7 MeV/E, was some 25u greater than expected ((R) = 768;9 rather

than 68l441) because slow negative particles lose énergy at a lower rate

than do positive particles_gg the same velocity. It was at this time

we realized’thgt the well established range-ehergy relatiOn for emuleion
was based eolely on poeitive’particle fanges. bit was now evident that
this rélation may not apply to slow, negative partieles.e

The actual EUggeStibn that'hegative parﬁiciesvlqse'energy'at
.rates less'than do poeiﬁive particles ceme from Walter Barkas. The
clue here, I m sure, was that he, along with wallace Birnbaum and
Frances Smith had observed a s1m11ar dlscrepancy between the ranges
of positive and negative pions in their pion mass experiments, some

5 Unexplained at that time was their result that

seven years earlier.
‘ -7+ . . ' : :

the 7 /x' mass ratio was less than unity by (0.3L % 0.14)%. A very
small, but statistically significant anomaly. The data presented in
Table II was obtained from their measurements. After correcting for

" emulsion distortion, Barkas, Birnbaum, and Smith found that the weighted
‘mean of three measurements of the mass ratio was 0.9969 * 0.00Lk

(p.e., internal consistency). Note that only one of the three measure-

ments deviates significantly from unity. However, Barkas et al. could
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not reveal any systematlc errors that mlght throw thls result in doubt,
hence 1ncluded it in the flnal result. In retrospect, thls is pre01sely
what they ehould have done;l Experimenters less confldent in their dats
may well have done’ differently. o .
At that time these authors called attention to:the poseible
difference in the stopping CrOSstsections for patticles‘of oppoeite
sign to aceount.for this ebServatien: A n-/i+ mass ratio less than
unlty could be explalned if the average energy loss rate of the stopplng'
%" was sllghtly less than that of the- n*. |
It was Professor Fermi who, after notlng this suggestlon, p01nted
out that the Mott Theory of scattering may be applled to the bcatterlng
of electrons by both negatlve and posltlve pions in the'coordlnate frame
in which the pion is at rest. He found inmtnie’way‘that; beeause of a
sign dependent relatlvistic term in the Mott'theony, the eVerage impulse
transmitted to the.ﬂ- meebn'is less then tnat reeeived by the ﬂ+. The
result of his calculatlons wa.s to 1ncrease the apparent mass ratlo by
about 0. l% Ferm1 s correctlon was . 1ncluded in the flnal estlmate of
the mass ratios. Although this correetlon was not sufficient to explain
the'range, hence mass, discrepancy,,it_merks the first instance of a
theoretical estimate for the stopping power differences of oppositely
charged perticles. We noint out,’however, thet the eptlicetien of the
Mbtt,scattering formula ls valid When_the quantity i%?§'<<>l; and hence,
the Fermi correction is not generally applicable to slow, stopping particles.
To'corrbborate the conclusion that thevranges of the negetive pions
are greater than those of positive'charge at the same velocity, Barkas,

. Osborne, Simon, and Smith}ﬁerformed an additional experiment to measure

/
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the range difference at 1.6 MeV.u' In this experimentvparticular atten-
tion was given to the elimination of systematic errors inherent in this
type of experiment. - Unfortunately, the small number of events (178)
seriously.limited the'statistical accuracy of their result. The
~difference between negative and positive pion ranges as’determined by
“this experiment was /R = 3.1 * l.lu.at.a mean pion range of (R) = 96u.
So far I nare only mentioned data on the anomalous ranges of
negative particles in emulsion. There is, however; some evidence that
stopping power differences also:occur'in”hydrogen. Peter Schmidt has
reported on the hyperon masses as obtalned from measurements of the
ranges and momentum of the products of K + ie] 1nteractions'at rest in
 the Brookhaven 30-in. hydrogen bubble chamber.” Here, as in tne emulsion
- experiment described earlier, the masses of the %~ hyperon determined by
methods‘of range and momentum are not in accord with each other. Surpris-
ingly, the range differencesvar the ~ in hydrogen and,emulsion appear
to be comparable.v For example, the anomalous'Z_ nass obtained when range
measurements are 1nvolved in 1ts determinatlon 1mply that the ranges of
the %~ produced in the K + p reaction (BZ = 0, lh}) exceed those. expected
from the range-energy relation by 1.5 * 0.6% in hydrogen, and by
3.6 £ 0.8% in emulsion.
These data give, I believe,.ample‘evidence.for\the notion that the
range of a particle in matter depends on the sign of the charge as well as

mass and velocity. However, these range measurements tell us only that

at some velocity, the difference inithe ranges of a positive and negative

Particle is some quantity AR. Lacking is information on the how and. where
“this range difference comes about. An obvious next step in the pursuit

of this problem is to observe directiy the difference in the energy-loss

Ty
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rates of stopping positive and negative particles. It was with this
objectivé in mind that Peter Lindstrdm and I undertook the experiment

that I now want. to describe. It was our feeling that, because range

diffefenées‘of‘seVeral percént had been measured for positive and

negative pions over ranges'of‘the order of 100p, the rate of ionization

may well differ by some'lO% at low velocities. . If so, this_could be

~ observed as differeﬁdes in the grain desnities of stopping pions in

nﬁclear emulsion.
‘The data I shall discuss were obtained from a stack of Ilford G.5
emulsions that was exposed to beams of stopping x and x mesons. As

some of you may well know, the tracks of stopping pions in G.5 emulsions

are highly saturated. Tt was therefore necessary to limit the develop- -

ment of the emulsion so that ionization measurements were possible, yet

would permit thé pions to be Unambiguously identified as to charge by

the emulsion scdhner.v Figure 1 illustrates how the last 50k of a

stopping n and " appeared to the scanner. We divided the last 200u

- of the stopping pion tracks into cells, nomihaliy.5 0 50u in length.

The first five of these are super-imposed.on'the tracks in this illus-

tration. The data we recorded for each éell of the charge-identified

pions were (a) the number of blobs, B, (b)“thé”linear fraction of the

cell that consisted of gaps, L, and (c) the start and end coordinates

'of the cell. There was one operatipnal procedure we had to estabiish,

however, before any measurements could be madeF-namely, where to start

the measurements. We have tried to demonstrate this pfoblem in Fig. 1.

In case of the 1, the last grain could easily be the first grain of a

heavily ionizing star prong. On the other hand, if we use the p-meson
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decay track as a guide, there is.no”bloﬁ‘at.all at the ending'of the n+.
Theréforé; it wés decided that the gfain density measufeﬁehts”had.td
begin at the first well defined blob of the stopping pibn track thaﬁ
was séﬁaratédnfrom the end by a measurable gép} We'eliminated, %hereforé,
the a$biguous terminal blob of the track. ‘The éctualjstarting.points of
the measurements were distributed aﬁout an averége.l.lu from tﬁe pion
ehdings; The starting;point’diStfibutions of_théISamples of the.ﬁ+_and
1 mesons wé used “to infercompare fhe rates of ionizatibn.were identical.-v-

'Table iIi gives the results of our gfain density measuremeﬁts.
Listed for each cell are the average range intervals over which the B and
L measurements were made, thé.ﬁean ﬁ+'Velbéity'and twovéstimates of the
grain density ratio g+/g o In Column (a), the graln density ratios are

-1
given by the ratlos (B/L) (B/L) and in (b) by 1n L*/ln L_.6 These

data are based | upon a total of 1.85 X 10°

blbb and:gap'léngth measurements
and are the compilatioﬁ of ﬁhé réSulfs'of five scannérs from eleven
dlfferent emu151on plates. The two values of g+/g are not 1ndependent
measurements, but do serve to check on the overall accuracy ‘of the graln
density measurements.

The data demonstrate guite clearly that there are grain density
differences between‘the poéitive and negative pions. At the lowest
velocity we were able to measure (B = 0.051), the grain density of the

n+ is greater than that of the n by some 7T to 8 per cent. Our results

1ndlcate that the grain density ratlos decrease monotonically with

'

‘increasing velocity, becoming consistent with unity at the higher Velocities.‘

To relate grain densities to rates of energy loés,'we make the-

assumption that the grain structure of a particle track results from
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energy loss in silver bromide only. This grain-producin g ionization of
silﬁer,bromidé is known as the restricted rate;of~énergy loss.. In TFig. 2

we relate the observed grain density, g, to the restricted energy loss

I
.

(in units MéV’g-lcme).lfHere we introduce the émpirical two-parameter ’
function of 1n (n/n-g) ;;%L} by plOtLing In (n/hfg) vs'L‘. n.is the
average number of silver brdmide_CryStais peﬁetra€ed'by the ion énd A
is a constant deﬁéndent on‘the'sensitivity of the emulsion. We obtain
the best maximum likelihood fit of the ﬂ grain den81ty measurements to
‘this function when n = 2.20-_ 0.05 gralns} ﬁil and X = 0.0257 MeV -1 g cm 2.

To obtain the total rates of,energy.ioés from the grain densitiés
is”ndw séraight forward.? Fof”éach observed g;/g_ ratio, we evaluaté‘the
ratio of the féstrictedlenergy loss L;/i: , from which the ratio and
differehce of the total rate of energy loss t (in uhits of MeV per cm)
is cbmpufed._ Presented in fig. 3are our results on the differences

- “between the ratégggpenergy loss for positlve and negatlve pions vs.the

pion range. The two data-points for each'cell (indicated by the hatched
areas over the range scale) were obtéined_from the fwo estimates of
gy/g_, The dark points with the accompanying error Bars are the 1n L¥/ln L_

“ data.% At B = 0.051, the stopping power of E/; n meson is about

| '-60 MeV/Em greater than that of the x . This- corresponds to .about a 14%
difference in the stopplng,powers, For velocities B S 0.1k, the energy-
loss rates for the positive and negative pions are équal within the 1%
. stafistical errors. ) .
These daﬁa on energy loss differences can be also presented in

terms of differences in range. In this form we can compare directly

the results of this experiment with the range data I have cited.
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“Tigure 4 gives the differences in range between:fhevn_ and ' mesons,
R(n-) - R(n+)'ﬁ AR, as a function of R(u+).- The data points are values
- of the range differences for pion renges between 1.1 and'200u range, |
and correspond to veloc1ty 1nterval B = 0. 035 to 0.183. The.data are
fitted qulte well by an exponentlal funotion, asymptotlc'to MR = 6y,
having a characteristio~1ength“of 45 * 10u. This curve is drawn through
the data points. |
Because of our inability to measure grain densities for ranges

between 0 and 1.1, we hare no informstion on the. differences in the
energy losses of tﬁe pions in this range'iﬁtervélQ It is, in fact,

the unknown behavior'of.the-energy losses for the positive and negative
pions for rangee less‘than'l.lu that introduces the largesﬁ oncertainty_
in the estimate of the total range difference. This is illustrated
here by the dashed curves‘above and'beIOW the daﬁa poihts. The top
curve .is the range dlfference expected 1f the energy lost by the r+
meson in the first mlcron ‘exceeds that of the = by an amount A = 15 keV,
-an arbitrary, but perhaps not unrealiétic, value} The lower curve applies
if AF = -l5rkev. We also have included in this figure the three measure-
ments of range differences in emulsion. These,are:L/(a) the Z- data,
where R and AR are normalized by the factor mn/hz, under the assumptlon'
that the energy loss rates of the negatlve and positive partlcles depend -
on velocity only' (b) The range difference of 1. 6 MeV n ‘mesons; and,

(¢) at 725u range the 5.5 % 3 2 range difference between the negatlve
and positive pion observed in the mass-ratio experiment.

Flgure L presents the‘current status of emulsion data on ﬁhe

stopping power differences between positive and negative particles.
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éxperiment. The sign'and ﬁagnituae of. the differences in the‘energy-

-11-
Clearly demonstrated here is the conclusibn that the reported range |

differences can be fully accounted for by the results of this latest

'
e

ioss raﬁés‘vé tave cbsef#éd are sufficﬁent to fﬁproduce sauisfaétqfily
the réhge difference data. The plon data'afe:within their iespécﬁiQe

experimental errors. The I data éppeaf'to be loﬁ, but there may still
bé unknbwns in the bgha?ior of stopping Z; hyperdné. Possible evidence

for this is the excessive fange straggle‘df the sample of b hyperons

~used by Barkas, et al. to reveal the 2" -range anbmaly.

In summAry, the experimental evidence decisively shows that the
réfes of energy loss for positive particles'exceed those for negative
particles at equal velocities, when these velocities are comparable to

those'bf the atomic,électrons of the'étopping medium. Experiments to

. determine the energy-loss differences at very low Qeloéitiés are clearly

neeaed.v'wa the stopping powers of positive and negative particles
dépend on fhe atomic nuﬁber ofyfhe étbpping material is another problem
that should be examined. Theoretical guidellines are conspicuously
absené and are urgently needed. |

. A promising direction for theory is fo.examine how the Bethe-
Bloch formula caﬁ be éxtehded by using higher Born approximations.

Barkas, who carried out some preliminary investigations toward this

- end, found that the Sedond-order Born approximations introduces a term

in the enérgy loss expréssion that is proportional to 25 of the incident

vpérticle.T Such & term is of the correct nature to account for the

observations, but no estimate was made as to its magnitude.
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The pf0position‘that energy loss by ionization in matter is
'depeﬁdent on the sign of the incident‘particle is néw. it adds another
"dimenéionbto stopping power theor&.  To understand it offefé'us‘a

v

formidable problem.
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Figure 3.
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FIGURE CAPTIONS

Illustration of ‘stopping n~ and % meson in underdeveloped

G.5 emulsion. The first five cells (5.to 25 p in length)

. e L ' L ;
in which grain density measurements were made are superimposed
on- the tracks in this figure. Grain-density measurements were

‘made between 1.1 and 200u from thejpion endings.

Restricted rate of energy loss t' (in units MeV g-lcme)'
Veréus ln(ﬁgg). L' ois computed:fbr‘a 2 keV B-ray energy
cut-off.

The difference between the total rates of energy loss for
positive and negative ?ions, L+ - L_,.vs range. The energ&—
loss différences.evaluated'from the grain density ratios
given in éolumns-(a) and (b), Table III, are denoted by the
symbols x and'd, respectively. The hatchéd aréas above the

range scale indicate the interval of‘range over which the

ionization measurements were made.

The differences between the n~ and'n+vraﬁges, MR = R(n-)-R(n+)

vs the pion range, as derived from the energy loss differénces,

Fig. 5. For ranges greater than l:lu, AR can'be represented
by the function ,

_ R}

k5 j'

This curve'is drawn through the data points. The dashed

AR = 6{1 - exp

curves above and below the data illustrate how AR depénds on

- the (unknown) difference in energy loss between O and 1.lu.

The top curve applies if the total energy lost by the n+ in.

the first micron exceeds that of the n by 4B = 15 keV.
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The lower:curve'applies if AE = 515 keV. The range differences

reported in References 2, 3, and 4 are also shown.
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" TARLE CAPTIONS
Table I. - Ranges of i1ri.' and Zi ,'frorﬁ K~ + p reaction (at" ;‘est), from
Ref. 2. | |
Table IT. :r-/yr+ mass ratios, from Ref. 3.
Tabl‘e’ III. Grain-density vratios_ g_/g_ as evaluated from. (a) (B/L)+(B/L)—l

and (b) lnL+/inL_‘;
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M+ 5(1189.4 MeV) (a)

K+p — . _
M+ £(197.6 MeV)  (b)
n ' n s
Range 886+05mm 8188%I74 | 784t02mm 708.9%154 |684+5u*
Momentum 1812£04 (81310, 1727+04  1747300% |1727t04

% Expected from range ~momentum relation
: - ' XBL 696-690

Table I
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" Pion Mass-Ratio Experiment : M/ Mys

| Plate Mass rat.io‘ | Mass ratio Probable |
o . (obs.)  (corrected error
for
| distortion) -
o 09908 0999 00021
b 09993 09992  0.0023
o |1.0009 | 1.0006 0.0023

mean: 0.9969 0.0014

with Fermi corréction: 09978

XBL 696-691

_ Table II .
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?q\ *
Cell Range (&) - (B 9, /9.
' : (B/L). ' Inls
- (@) B (b) it
| 11— 5.1 -~ 0.051 1078 * 0022 1.070 + 0.019
2 — 0.1 0.07! i.030 * 0016 1.035+ 0013
3 - 15.2 0084 1.018 * 0.015 1.018 + 0.016
4 — 252 0.097 050 £ 0.013 1.050 £ 0.012
5 — 50.3 0.1i7 1.002 + 0.009 1.020 + 0.008
6 — 100.2 0.142 0.992 + 0.011 0988 £ 0011
7 — 1499 0.163 1.002 + 0014 0996 + 0.012
8 — 1999 0.178 1.006 t 0014 .00} £ 0.013
‘ XBL 696-692

Table II1
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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.

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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