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FIG. 3. (a) Magnetic field configuration before any discharge
occurs. (b) Postulated magnetic field and current configurations
after i, currents have gathered both plasma and h, field lines into
discrete tubes or filaments.

proposed by Alfven and Walen (shown in Fig. 4(a)7.
The current and field configuration of Fig. 4(b) upon
intersection with the sun's surface will then be expected
to produce not only two sunspots w'ith their magnetic
Gelds but also a current which Rows between the sun-
spots along these field lines in the sun's atmosphere.
The current and magnetic-Geld conditions on the pho-
tosphere and in the chromosphere in the region of the
sunspots will then be geometrically similar to those in
the laboratory experiment where streamers are pro-
duced.

The author is indebted to Orrin Twite who executed
the experimental setup and to Harold Furth with whom
he had discussions concerning the mechanism of the
streamer formation.

*This work was performed under the auspices of the U. S.
Atomic Energy Commission.' W. H. Bostick, Phys. Rev. 104, 292 (1956); also Bull. Am.
Phys. Soc. Ser. II, 1, 166 (1956).' H. Alfvhn, Cosmical Electrodynamics (Oxford University
Press, New York, 1950), p. 88.

Thus, from (1) and (2)

P,/i, = const"

and from (1) and (3)

iti,/i+ =const"'.

Therefore for a given P, and i, there can be one and
only one equilibrium value of E. If the Geld h, diverges
so that the radius R "tries to swell up" the tube of Aux,
it is to be expected that the current will break up into m

tubes where @,=rciti. ', and i,=ni, ', each tube having a
radius R' equal to E.

While this experiment and its analysis are both
preliminary and very crude, they nevertheless indicate
the tremendous potential value of such experiments in
the laboratory. The experiment demonstrates the basic
requirements for streamer formation and suggests an
appropriate magnetic Geld configuration for a plasma
guide. The experiment therefore not only educes evi-
dence which supports the Alfven' theory of sunspots,
but also strongly suggests that a magnetohydrodynamic
whirl ring has the more general current and magnetic
field configuration shown in Fig. 4(b) rather than that

(a) {b)

FIG. 4. Current and field configurations for magnetohydro-
dynamic whirl rings, (a) as postulated by Alfvbn and Walton,
(b) as suggested by laboratory experiments.
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HE principle of invariance under charge conju-
gation gained strong support when it was found

that the Bevatron produces antiprotons. ' ' Another
prediction of the same theory which could be tested
experimentally was the existence of the antineutron.
Additional interest arises from the fact that charge con-
jugation has somewhat less obvious consequences when
applied to neutral particles than it has when applied to
particles with electric charge.

The purpose of this experiment was to detect the
annihilation of antineutrons produced by charge ex-
change from antiprotons. Because the yield of anti-
neutrons was expected to be low, a relatively large
Aux of antiprotons was required. Protons of 6.2-Bev
energy bombarded an internal beryllium target of the
Bevatron (Fig. 1). With a system of two defiecting
magnets and five magnetic lenses a beam of 1.4-Bev/c
negative particles was obtained. Six scintillation
counters connected in coincidence distinguished anti-
protons from negative mesons by time of Qight. In
Figs. 1 and 2, Ii is the last counter of this system,
which counted 300 to 600 antiprotons per hour. Anti-
protons interacting in the thick converter, X (Fig. 2),
sometimes produce antineutrons which pass through
the scintillators S& and S2 without detection and finally
interact in the lead glass Cerenkov Counter C, pro-
ducing there a pulse of light so large as to indicate the
annihilation of a nucleon and an antinucleon.
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FIG. g. Antiproton-selecting system. Qi through Q& are focusing quadrupoies. A r and As are analyzing magnets.
A through Ii are 4-by-4-by-~~-inch scintillators.

The Cerenkov Counter C is a piece of lead glass,
13 by 13 by 14 in. , density=4. 8, index of refraction
=1.8, viewed by 16 RCA 6655 photomultipliers. This
instrument is similar to the one used in a previous
experiment on antiprotons. ' A 1-in. lead plate is
placed between S& and S& to convert high-energy
gamma rays which could otherwise be confused with
the antineutrons. Ordinary neutrons and neutral mesons
(heavier than pions) can be detected by the Cerenkov
counter but their average light pulse is much smaller
than that from the annihilation of an antineutron.
However, a relatively small background of these neutral
secondaries would distort the apparent spectrum of
antineutrons.

To discriminate against these neutral secondaries,

the charge-exchange converter, X, was made of a
scintillating toluene-terphenyl solution, viewed by four
photomultipliers connected in parallel. In this way
neutral particles producing pulses in the Cerenkov
counter ("neutral events") could be separated accord-
ing to whether they originated in an annihilation, indi-
cated by a large pulse in X, or in the less violent
process expected to accompany the charge-exchange
production of an antineutron. A quantitative criterion
for this separation is derived from a comparison between
the pulse-height spectra in X, shown in Fig. 3. The
dashed curve, obtained in a separate experiment, is the
spectrum produced by antiprotons passing through but
not interacting in X. The sharp peak in the spectrum
provides the calibration of X; the ionization loss for
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Fn. 2. Antineutron-detectin s stem. X '

i till to S dSor; ~ an s are scintiiiation counters; C is a lead- lass
erenkov counter (later a 1arge scintiilator).

transmitted ant
50 Mev

ntiprotons is readily comput d t b
ev. The smooth solid curve of Fi . 3, obtaine

with the comet ofg e ry of Fig. 2, represents all antiproton
which no pulse was observed ininteractions in X from

i and 52, whether or not a pulse in C occurred. For
those events in

ulse in C
in which a neutral particle produ duce a

distribution.
p C, the histogram of Fig. 3 gives the ul -h '

hepuse- eig t

The diGer ence between the solid curve and the
histogram is remarkable in that it shows that the rare
interactions that produce neutral particles detected b

counter release much less energy in X
eece y

than the o hother unselected interactions. In fact th
peak of the hip o e histogram is at a smaller pulse hei ht th

n ac, e

corresponds to the ionization loss of a non-
interacting antiproton (50 Mev). This is what we should
ex ect if the
this case

c i e neutral particles were antineutro fons, or an

is case no nucleonic annihilation could take lace in X.
Conversel ro

a ep acean

should
y, pro uction of other energetic neut leu ras

exhibit the characteristic large ulse of
annihilation
fore th

i a ion event sn X.The histogram suggests th
, that the apparatus detects a small background of

events of this latter type. The pulse hei ht f 100 M
ig. 3 has been selected to separate this background

from antineutron events. Figure 4 shows the separate

Fzc. 4. Pulse-height spectrum in lea d glass counter for neutral
ven s. e so i istogram is for 54 antineutron events ener

histo ram
'oss in charge-exchange scintillator less tha 100 M

gram is for 20 other neutral events. Smooth solid curve i
for antiprotons and is normalized t th l'd h'o e so i istogram

the events which produced in X l l
ioo M

a puse ess than
ev (solid histogram), and for the events which

produced a pulse larger than 100 Mev (dashed histo-
gram). The great difference between the two histograms
with respect to both average pulse height and shape
confirms the interpretation by which the neutral events
are divided into antineutrons and background.

The energy scale in Fig. 4 is obtained b relatin

the glass to the computed ionization energy loss of
a e every ay.240 ev. This calibration was repe t d d

the m
e standard for annihilation pulses is r 'd d b

e smooth curve of Fig. 4, which is the pulse-height
istribution for antiprotons entering the lead l

n i, 2, and the lead plate are removed. Com-
e ea g ass

parison of the solid histogram with th'is antiproton
curve justifies our interpretation that the solid histo-
gram is produced by antineutrons.

For comparison with the annihilation spectra of
Fig, 4, Fig. 5 shows the spectra obtained with 750-Mev
positive protons (solid curve) and with 600-Mev nega-
ive pions incident on the glass Counter C. These

spectra indicate that large pulses are rarely produced

that e
by particles of such energies. From th 't '

at even high-energy neutrons could not produce a
spectrum like the solid histogram of Fig. 4.
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FIG. 6. Pulse-height spectrum of antiprotons in large scintilla-
tion counter. The dashed curve is for all incident antiprotons.
The solid curve has had noninteracting antiprotons removed and
includes a correction to permit comparison with antineutrons.

To determine the number of p rays incident on S&,
the lead between S~ and S2 was removed. The number
of neutral events per incident antiproton increased by
a factor of 7. From the known probability that a single
high-energy p ray would be transmitted through 1 in.
of lead without converting (3'Pz for a p-ray energy of
300 Mev), this observed increase shows that our neutral
events contain at most 20% of 7-ray background before
selection on the basis of pulse height in X.

The lead glass Counter C is very sensitive to y rays
and insensitive to ionization losses by slow particles.
The desirability of comparing the spectra of anti-
neutrons and antiprotons obtained with an entirely
different type of detector led us to repeat the experiment
with Counter C replaced by a liquid scintillator. This
scintillator, 28 in. thick and 5 ft in volume, was large
enough to detect a substantial part of the energy of an
annihilation event. For this experiment the thickness
of the lead converter between 5~ and S2 was increased
to 1.5 in. As before, the antineutron detector was
calibrated with antiprotons. The pulse-height distribu-
tion of antiprotons in the large scintillator is given by
Fig. 6. The noninteracting antiprotons produce the
sharp peak.

The solid smooth curve in Fig. 7 is the solid curve of
Fig. 6, obtained by correcting the pulse height by 70
Mev toward lower energy because antiprotons ionize
before interacting in the scintillator. Sixty neutral
events were obtained (Fig. 7) after selection with the
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FIG. 7. Pulse-height spectrum in large scintillation counter for
neutral events. Solid histogram is for 60 antineutrons (energy
loss in charge-exchange scintillator legs than 100 Mev). Dashed
histogram is for 65 other neutral events. The smooth solid curve
is the corrected antiproton curve from Fig. 6.
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FIG. 8. Pulse-height spectrum in charge-exchange scintillator
for 125 neutral events in large scintillator. The smooth curves
are the same as in Fig. 3, each normalized to histogram.

same criterion as before on the pulse height in X.Again
the selected neutral spectrum and the antiproton spec-
trum are in agreement, although not so strikingly as
with the lead glass. The sixty selected events apparently
include some contamination, This interpretation is con-
firmed by the shape of the spectrum in X for all neutral
events (Fig. 8). There are now many more neutral
secondaries from inelastic collisions of antiprotons than
there were in the experiment with the lead glass, and
the separation between antineutrons and background is
therefore not so good. The larger number of neutral
secondaries is probably to be attributed to the greater
sensitivity of the scintillator to neutrons.

The lead glass and the scintillator are of nearly equal
eKciency in detecting the antineutrons. The observed
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The absence of any orbit or veloc' y pit arameters in (2)
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extrapo ation oi t' t ~1/II') =0 determines pp/p, &(,;ii.
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