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The principle of mvariance under charge conjugation gained strong
v support when it was found that the Bevatron produces antiprotons. 12,3
Ancther prediction of the aame theory which could be tested experimentally _‘
 was the existence of the antineutron. Additional interest arises from the fact
that charge conjugation has somewhat less obvioua consequences when applied
to neutral particles than it has when applied to particles with electric chargpe.
The purpose of this experiment was to detect the annihilation of anti-
" ‘nev‘;trone produced by charge exchange from antiprotons. Because the yield
‘of antineutrons was expectéd to be low, a relatively large flux 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 deflecting magnets and
- five magnetic lenses a beam of 1.4-Bév/c negative particles was obtained.
Six scintillation counters connected in coincidence distinguished antiprotons
‘ ,irom negatxve mesons by time of flight. In Figs. 1 and 2, F is the last counter
of this system.\ which counted 300 to 600 antiprotons per hour. Antiprotons
1.interacting in the thick converter, X (Fig. Z) sometimes produce antineutrons
which pass through the f'cmtulatora S, and Sz without detection and finully
interact in the lead glaas Cerenkov Counter C, producing there a pulse of
light so large as to indicate the annihilation of a nucleon and.an antinucleon,

The Ce_re‘nkov Counter C is a piece of lead glass, 13 by iB'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 prevmus experiment on anti-
'protons. 2 Al in. lead plate is placed between S5, and S, to convert high-energy

t This work was done under the a',uspic’es of the U. S. Atomic Energy Commiasicsi.

" ,
- On leave of absence from Brookhaven National Laboratory.
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gamma ra.ys which could otherwise be confused with the antineutronas.
Ordinary neutrons and neutral mesons (heavier than pions) can Le detected
by the Cerenkov counter but their average light pulse ia much smaller than
that from the annihilation of an antineutron. However, a relatively small
_backgrduhd of these neutral secondaries would distort the apparent spectrum
‘of antineutrons. ' ’ ' - o
| To discriminate against these neutral secondaries, the charge-exchange
converter, X, was made of a scinﬁilating toluene-terphenyl solution, viewed by
four photomultipliers connected in'parallel, In‘ thie way neutral particles pro-
ducing pulses in the Cerenkov counter {"neutral events”) could be separated
- according to whether they originated in an annihilation, indicated bir 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 frora a comparison between the pu\se-height spectra in X. _
shown in Fig. 3, The dashed curve, obtained in a separate experiment. is
the spectrum produced by antiprotons pasaing“thi‘ough but not interacting in X.
""I"he sharp peak in the spectrum provides the caubraf;ion of X; the {onization
loezs for transmitted antiprotons is readily computed to be 50 Mev. The smooth
solid curve of Fig. 3, obtained with the geometry of Fig. 2, represents all
,'antiprcton interactiona in X from /which no pulse was observed in S, and Sy
‘whether or not a pulse in C occurred. For those events in which a neutral
' particle produced a pulse in C, the hiatogram of Fig. 3 gives the pulae-—height
distribution, |
‘The difference between the solid curve and the histogram is remarkable
in that it shows that the rare interactions that produce neutral particles detected
by the Cerenkov counter release much less energy in X than the other unselected
interactions. In fact, the peak of the histogram i{s at a smaller pulse height
than that which corresponds to the ionization loss of a noninteracting antiproton
(50 Mev), /This is what we should expect if the neutral particles were anti-
neutrons.f!for in this case no nucleonic annihilation could take place in X,
Conversely, production of other energetic neutrals should exhibit the
char.acte'lristic large pulse of an annihilation event in X. The histogram sugp yests,
therefore, that the apparatus detects a small background of events of this
latter type. The pulse heigkht,of 100 Mev in Fig. 3 has been selected to separate
this background from antineutron events., Fig. 4 shows the separate pulse-
height distributions in the Cerenkov counter for the events which produced in
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Xa pulae less than 100 Mev (solid histogram), and for the events which
produced a pulse larger than 100 Mev (dashed histogram). The great difference
between the two histograms with respect to both avefage pulse height and |
shape confirms the interpretation by which the neutral events are divided
fnto antineutrons and background.

The energy scale in Fig. 4 is obtained by relating the pulse height
produced by m-mesons going through the glass to the computed ionization energy -
loss of 240 Mev. This calibration was repeated every day.

, The standard for annihilation pulses is provided by the smooth curve
of i«‘.ig. 4, ‘which is the pulse-height distribution for antiprotons entering the
lead glass when S|, S,, and the lead plate are removed. Comparison of the
- solid histoaram with this antiproton curve justifies our interpretation that the
solid histogram 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 negative pions incident on the glass Counter C, These spectra indicate
" that large pulses are rarely produced by particles of such energies. From this
it ia apparent that even high-energy neutrons could not produce a spectrum like
the soud histogram of Fig. 4. o

" To determine the number of v raya incident on Sl. the lead between
) and S, was removed, The number of neutral events per incident antiproton
increased by a factor of 7. From the known probability that a single high-cnergy
Y ray would be transmitted through 1 in. of lead without converting (3% for a
y-ray energy of 300 Mev), this obgerved increase shows that ourneutral events
~ contain at most 20% of y-ray background before selection on the basis of pulse

height in X, ‘ : '

' The lead glass Counter € is very sensitive to y rays and insensitive

to ionization losses by slow particles. The desirability of comparing the
spectra of antineutrons and antipr‘ot;ms obtained with an entirely different type

of detector led us to repeat the experifnent 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 anhihilation event, Tor
this experiment the thickness of the lead converter between S 8, and S2 was
increased to 1.5 in. As before, the antineutron detecto_r was calibrated with
antiprotons. The pulse-height‘distribution of antiprotons in the large scintillator

is given by Fig. 6. The noninteraciing antiprotons produce the sharp paak,
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The solid emooth curve in Fig. 71is the solid curve of Fig.' 6, obtained
by correcting the pulse beight by 70 Mev toward lower 'énergy because anti-
ptdtdns ionize before interacting in the scintillator. Sixty neutral events '
"wer.e obtained (Fig. 7) after selection with the same criterion as before on the
pulse height 1n X. Avain the sclected neutral gpectrum and the antiproton
. spectrum are in agreement. although ot 8o s'rilfingly as with the lead alass.
-The sixty selected events apparently incluue some contamination. This
interpretation is confirmed by the shape of the spectrum in X for all neutral
events (Fig. 8). There are now many more neutral secondaries from inelaatic
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 acintillator are of. nearly eqnal efficiency in -
detecting the antineutrons. The observed yleld from about 20 g/em? of
‘toluene {5 0.0030 + 0.0005 antineutrons per antiproton with the lead glass, and
0.0028 4 0.0005 with the 'li'quid scintillator. With thaassumptibn that the
interaction croms section. for antineutrons is the same a8 for antiprotons. the
inefficiency of the detector -due to attenuation in Sl’ Sz, and the lead converter,
" ‘and’to transmission of the detector can be calculated, and is found to be about
v 50%. ‘From the ‘observed antineutron yield the mean free path for charge cxuch: m Ie'
of the type’ detected is about 2300 g/cm of toluene (C’IHB)' or, in other wor ds '
the exchange:cross section'is about 2% of the annihilation cross section for
thie material Thia corresponds to a cross section of appro::imately 8 m1llib'u. ns .
in cazbon for this: process. o ' '
The generous suppoyt of many groups, including the Bevatron operatmrr
group under Dr. Edward J. Lofgren. is gredtly appreciated. ‘
‘We thank Prof¢ David Frisch of-Massachusetts Instztute of Technolmy
for the loan of the lead glass used in the Cerenkov counter. ‘

&
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FIGURE CAPTIONS
Fig. Al Ant1proton-selecting aystem. Q, through QS are focuaing quadrupoles.
A and A, are analyzing magnets. A throuah F are 4-by-4-by-l/4 inch
‘gcintillators, ' B '
Fig. 2 Antineutron-detecting system. X ie the. cha.rge-exchange scintillator;
- 8y and §, are scintillation counters C is a lead glass Cerenkov counter
(later.a large scintillator). v .
Fig. 3 Pulse-hezght spectrum in charge-aexchange 's_cintillator for 74 neutral
events in lead glass. Histogram is for all neutral events. The smooth
" solid curve'is for calibrating a.ntiprotbhs for which no pulse occurred
in S, or SZ’. Smooth dashed curve is for nbninteracting antiprotons.
_ Smooth curves are each normalized to histogram. _
Fig. 4 Pulse-height spectrum in lead glass counter for neutral events. The
- golid histogram is for 54 antineutron events (enexgy 1038 in charge-
exchange scintillator less than 100 Mev). Dashed histogram is for -
20 other neutral events. Smooth solid curve is for antiprotons and is
 normalized to the solid histogram. ‘
v Fi;g, 5 Pulse-hmght spectrum in lead glass counter for v mesons (daahed curve)
_ and for positive protons (solid curve). The curves are normalized,
| Fig. 6 Pulse-height dpectrum of antipr'otona in large scintillation counter.
. The dashed curve is for all incident antiprotons. The solid curve has
'.‘Sha.d ncnmtera.cting antiprotons removed and includns a correction to
e permit comparison with ‘antineutrons. ) . '
. Pig. 7 Pulse-hexght spectrum in large scintillation counter for neutral events,
Solid- hiatogram i for 60 antineutrons (energy 1loss in chargewexchange _
: _scintillator less than 100 Mev}. Daahed hiatogram is for 65 other neuwul
events, The smooth solid curve is the corrected antiproton curve from
. Fig, 6. ' , ,
- Fig. 8 Pulse-~height apectrum in charae-exchange acintillator for 125 neutral
| events in large scintillator. The smooth curves are the same as in
F1g. 3, each normalized to histogram.
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