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Positronium in the undergraduate laboratory

M. Yuly®
Department of Physics, Northwest Nazarene College, Nampa, Idaho 83686
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Positronium is an exotic atom formed by an electron and its antiparticle, the positron.
Orthopositronium, which is the state with total spin 1, has a decay constant of aboyts7 0&nd

decays primarily into three gamma rays. A relatively simple experiment is described which will
allow students to detect and measure the lifetime of orthopositronium in gases using apparatus often
found at undergraduate institutions. Other effects, such as parapositronium decay, pick-off, and
thermalization, can also be demonstrated. 1999 American Association of Physics Teachers.

[. INTRODUCTION to daté® of the decay rate of orthopositronium disagree with
the ordera QED predictions’~**by several standard devia-
Positronium was the first “exotic atom” to be predicted tions. However, there has been one recent experitiete;
and later discovered. Shortly after the prediction of the exissigned to minimize systematic uncertainties due to extrapo-
tence of the anti-electrol?. or positron, and its subsequent lation to zero density, the results of which are consistent with
discovery in 1933 there was speculation about the existenceQED. A number of experiment¥? have been performed
of a bound system consisting of a positron and electronseeking “exotic” decay modes for positronium in an attempt
called positronium. Several calculations folloWécgpredict-  to explain this discrepancy. Recently measurenfémsof
ing the general characteristics of positronium. It was not unpositronium excited states have become possible and are be-
til 1951, however, that positronium was produt@usuch a  ing compared with QED predictions. Another topic of inter-
way that its fundamental properties could be studied. est is using positronium to test time-reversal, parity, and
The structure of positronium is very similar to that of hy- charge-conjugatioiTCP) invariance by looking for forbid-
drogen. In calculating the energy levels, however, a reduceden decay mode<-3! The decay of positronium formed in
mass ofmy/2 rather tharm, must be used, which leads to a deep sg)ace has been detected and used to study our
ground state energy of half that of hydrogen-6.8 eV. As  galaxy>*~3*as well as set limits on exotic positronium decay
in the case of hydrogen, the ground state can be a singlehannels® Several reviews exist dealing with
state with spins antiparallel and total spi=0 (m=0)  positroniuni®3""and positronium theory?*
called parapositronium, or it can be in the triplet state with Considering the interest that has been generated by posi-
spins parallel and total spg=1 (m=—1,0,1) called ortho- tronium over the past 50 years, and the relative ease with
positronium. The difference in magnetic moment betweerWhich it can be produced and studied, it is dismaying that
the proton and positron results in hyperfine splitting of thesdhere has been little published about undergraduate experi-
states that is 200 times greater than in hydrogen. The greate®€nts involving positronium. Most students are very inter-
difference between hydrogen and positronium, however, i€sted in the topic of antimatter, and are enthusiastic about
that in ground state positronium, the electron and positrofstudying the properties of such an exotic material as positro-
wave functions have significant overlap and annihilation carfium. As far as can be determined, the only published
occur. The number of gamma rays emitted in the decay proexperlmentéo‘ for undergraduates involving positrons or

cess is governed by the charge-conjugation selectiod rule Positronium have to do with measuring the angular correla-
tion of the two gamma rays produced in parapositronium

(—1)!Fs=(-1)", (1) decay. The purpose of this paper is to describe a simple
apparatus that can be constructed out of commonly available
wherel is the orbital angular momentursis the total spin of  off-the-shelf parts which will allow students to measure the
the positronium atom, and is the number of gamma rays decay rate of orthopositronium in gases as well as observe
emitted. Clearly, sincé=0 for ground state positronium, several other interesting effects.
parapositronium witts=0 must decay into an even number
of gamma rays, while orthopositronium must decay into an
odd number. However, it is not possible to conserve botil. QUALITATIVE THEORY OF POSITRONIUM
momentum and energy for decays into a single gamma rafrORMATION AND SUBSEQUENT DECAY
Hence, the most likely decay channel for parapositronium is _ o
into two gamma rays, while for orthopositronium it is into ~ The formation of positronium in a gas can be understood
three. Because of this multi-photon decay requirement, paraiualitatively, especially for the case of monatomic gases, us-
and orthopositronium have relatively long lifetimes, with in- INg what is known as the “Ore Gap” theofy:*® In this
verse decay rates~! of about 0.1 and 140 ns, respectively. Model, positrons entering a gas are slowed by collisions with
The study of positronium is of current interest for many 9as molecules until they reach an energy low enough that
different reasons, probably the most important of which is aghey can capture an atomic electron. Clearly, if the energy of
a test of quantum electrodynami@3ED). Positronium is an  the positronium after formatiok s is much larger than the
ideal testing ground for the predictions of QED because th&nergy required to disassociate positronitigg (about 6.8
interactions between the electron and positron are purely legV), any positronium that forms will quickly dissociate, so
tonic, as opposed to many other systems in which the strontpr positronium to form,E <l ,s. This restriction on the
interaction also plays a role. The most precise measuremeng®sitronium energy is equivalent to a restriction on the maxi-
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mum energy of the slowed-down positron, sir€g; is re-
lated toE,, the kinetic energy of the incident positron after
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Eps: Ep_IM+I (2) Ring

ps Stand
wherel,, is the amount of energy required to separate the
electron from the gas moleculthe ionization potentia) and

the final kinetic energy of the molecule is neglected. Accord- Pressure
ing to Eq.(2), therefore E <1, impliesEy<ly . There is

also a minimum energy below which the positron is unable
to capture an electron from the molecule, implying that for

positronium to form,E,>1y—1,s. This range of positron

to
e —» rOUghING
pump
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energies,l M>Ep>| v . for which positronium may be Fig. 1. A schematic dlagrarrl of the gxperlme_nta_l apparatus. A 1:27 MeV
gamma ray detected by the “start” scintillator indicates that a positron has

formed in a gas IS often (,:a"ed the “Ore Gap._ If ,the POSI peen emitted into the gas in the bell jar. The positron may form ortho-
trpns are spread evenly in energy after Slqwmg n th? MEpositronium, which decays into three gamma rays, one of which may be
dium, one might expect the maximum fractibg,, of inci-  detected by the “stop” scintillator.

dent positrons which form positronium to be about

gases is much less than for monatomic gases, polyatomic
gases exhibit this effect to a much smaller degree, or not at
all.
which in the case of nitrogen is about 6.8eV/14.5eV Spin-exchange can also affect the shape of the decay spec-
=0.47. Typically the fraction of positrons forming positro- trum. Due to the fact that molecular oxygen has two unpaired
nium is in the range of 25%-5096.A more modern ap- spins, it very efficiently converts ortho- to parapositronium.
proach to positronium formation is the “Spur” theotyjn ~ The parapositronium then decays almost immediately, caus-
which the positron is bound coulombically to one of theing an apparent increase in the decay rate. This so-called
ionization electrons in the “spur,” or path of the positron. “pick-off” rate has been measured to be about 3§ “/atm
This theory has yielded satisfactory results for liquids andfor oxygen>®>* Thus, for an accurate measurement of the
insulating solids, but is less successful for polyatomic gaseslecay rate in a gas, one must be very careful to avoid con-
The amount of time it takes for the positron to slow downtamination by atmospheric oxygen.
in the gas until it reaches an energy low enough to form
positronium is typically only a_few nanoseconds. Neglectlngm_ DESCRIPTION OF THE EXPERIMENT
relativistic effects and assuming constant acceleration, this
time can be estimated usify=vt/2, whereRis the range of  The apparatus used to produce positronium and detect its
the positrons in the gas, and is their velocity. For 0.15 decay is similar to that used in the original discovery of
MeV (0.639 positrons the range in nitrogen gas at one at-positronium>? Figure 1 is a schematic diagram of the appa-
mosphere and room temperature is about 24tyielding a  ratus. A bell jar contained a gas sample and a source of
time of 2.5 ns. Since the vacuum half-life of orthopositro- positronium. Plastic scintillator detectors were placed outside
nium is roughly 100 ns, the amount of time required for thethe bell jar to detect gamma rays that signaled the formation
positron to slow can be neglected. and decay of the positronium. The interval between the for-
Once the positrons have slowed until their energy is in themation and decay of the positronium was digitized and
“Ore Gap,” there is a good chance that positronium will be stored in a multichannel analyzer.
formed. It will then decay according to the exponential decay The gas chamber was a large glass bell jar, 17 cm in
law. The decay rate in a gaseous medium, however, is alliameter and 30 cm high, of the type normally used for
ways larger than the vacuum decay rate, because of the postassroom demonstrations. It is not necessary that it be glass;
sibility that the bound positron may annihilate with an in fact, the less expensive bell jars made of plastic might
atomic electron. For low gas densities, this effect is lineawork better because they would reduce gamma ray attenua-
with the number densityand therefore the pressuiref the  tion and increase the signal-to-noise ratio. Using silicone
gas*®® Typically, to measure the vacuum decay constantyacuum grease to form a seal with the iron base, the chamber
experimenters must measure the decay constant at severehs evacuated with a roughing pump down to a pressure of
gas pressures and extrapolate to zero. about 2 torr according to a mercury manometer. The cham-
Several processes can distort the shape of the decay cunteer was then sealed and the pressure was found to increase
For example, it is possible for the positrons to continue toabout 2 torr per hour. It is important that this rate be as low
slow until their energy is below the “Ore Gap.” Once the as possible, since, as was discussed in Sec. I, oxygen enter-
energy of the positrons is low enough, they can only losang the chamber will increase the decay constant. Several
further energy by scattering elastically, and thus may take gases, including air, neon, and propane, could be introduced
relatively long time to reach thermal energies, after whichinto the evacuated bell jar by a system of valves and rubber
they decay with a lifetime much longer than for orthopositro-tubing. The neon we used was research grade, while the pro-
nium. The decay spectrum therefore often exhibits a “shoulpane was the type sold at hardware stores as fuel for blow-
der” due to annihilation of these nonthermalized positronstorches. The pressure of the gas in the chamber was mea-
Depending on the gas, the annihilation of these positronsured using an automotive fuel pump pressure gauge. Decay
may tend to decrease the apparent measured decay constamnirves were measured for each of the gases at various pres-
Since the thermalization time for positrons in polyatomicsures between about 380 and 760 torr. Higher pressures in-
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Fig. 2. The nuclear decay scheme f&Na. About 90.5% of the time, PMT
emission of a 1.275 MeV gamma ray signals the emission of a poggemn
Ref. 54. Fig. 3. A block diagram of the electronics. Pulses from the “start” and

“stop” detectors are discriminated and then input to a TAC whose output is
proportional therefore to the time between the formation and the decay of

. . . . the positronium.
crease the rate of positronium formation because of the in-

creased number density of gas molecules. The positronium

lifetime, however, is slightly pressure dependeso that recorded and histogrammed by a Nucleus PCA-Il multichan-
higher pressures also increase the decay rate. For data acyé| analyzer(MCA) card in a PC-compatible computer.
sition runs longer than one day, for each gas, except obvisince the “start” signal arrived much earlier than the
ously air, the chamber was reevacuated and refilled with gasstop” signal, a gate generator was used to align the pulses.
every 24 h to minimize oxygen contamination. The “start” and “stop” rates were about 800 cps, while the
Inside the bell jar was a positronium source constructed byincidence rate, that is, the rate of events where a “start”
evaporating 1uC of ?Na in a salt solutior? onto a small  pulse was followed within about 0.75s by a “stop” pulse,
glass dish. As shown in Fig. 22Na decays to the 1.27 MeV was only about 3 cps. The coincidence unit was used to
excited state of?Ne by the emission of positrons with a disable the start input of the TAC for a period of 3.5 in
branching ratio of about 90.5%6.The endpoint energy of the order to correct for the internal reset time of the TAC at high
emitted positrons is 0.546 MeV. The excitétNe nucleus count rates. Since the rates in this experiment were quite
then decays with a half-life of 3.7 ps to the ground state bylow, this part of the circuit had a minimal effect and could
emitting a 1.27 MeV gamma ray. In this experiment, detec-probably be eliminated.
tion of a 1.27 MeV gamma ray indicated that a positron had The TAC was calibrated using a LeCroy 2323A gate gen-
been emitted. This positron may enter the gas, slow dowrgrator to delay a pulse by a specified amount. The original
and form positronium. A lead ring with wall thickness of 15 pulse was used to start the TAC, while the delayed pulse
mm and a length of 65 mm was used to keep gamma raystopped the conversion. The timing resolution of the system
coming directly from the source from reaching the “stop” Was measured by adjusting the TSCA on the “stop” detector
detector. A colinear detector arrangement was avoided so &8 detect gamma rays of about 1 MeV. ®Co source was
to reduce the number of two-gamma annihilation backgroundhen used as a source of coincident gamma rays to trigger
events. both detectors simultaneously. The FWHM spread in the co-
The detectors were rods of plastic scintillatBicron BC-  incidence peak was about 10 ns. In addition, the linearity of
400 5.1 cm in diameter and 15.2 cm long. The “start” the TAC was checked by removing the two detectors about 1
detector was placed under the iron base to detect the 1.2w from each other, surrounding them with lead shielding,
MeV gamma rays indicating the emission of a positron andand placing #°Co source on each detector, aligned so that
subsequent possible formation of positronium. The “stop”the pulses were totally uncorrelated. The resulting spectrum
detector was placed against the glass of the bell jar to deteetas found to be very flat.
the gamma raygof energy 0.511 MeV or legsfrom the
orthopositronium decay. Attached to each scintillator was gy pjSCUSSION OF EXPERIMENTAL RESULTS
Thorn-EMI 9266KB04FL photomultiplier tube. The type of
detector should not be critical as long as it is relatively fast. Figure 4 is a plot of the time difference between the
Sodium iodide detectors commonly used in undergraduatéstart” and “stop” signals for neon(data collection time of
laboratories should also perform well. 19 h) and air(data collection time of 6.4)hIn both cases
The signals from the detectors were processed by standatdere is a large peak around zero which is caused by the fast
NIM electronics as shown in Fig. 3. The output from the decay of parapositronium and by the annihilation of posi-
“start” detector immediately entered a discriminator ad-trons in the gas and surrounding vessel. Following the
justed to produce a negative NIM logic pulse for gamma raygprompt peak is a long tail due to the decay of orthopositro-
above the 0.511 MeV annihilation energy. This thresholdnium. On the log scale shown in the figure, this exponential
was set by placing #Na source directly on the detector and decay becomes a downward sloping linear function whose
adjusting the discriminator threshold while examining theslope is the decay constant The background events in
output of the phototube with an oscilloscope triggered on théhese spectra are accidental coincidences, that is, they arise
discriminator output. A timing single channel analyzerwhen the detectors trigger on random events within thes 1
(TSCA) could have been used instead of the discriminatoryvindow of the TAC. Neon, since it is a monatomic gas, has
had one been available. The “stop” signal was amplifieda much longer thermalization time, as evidenced by the pres-
and a logic pulse was produced by a TSCA for pulses beence of a “shoulder” in the spectrum immediately following
tween about 0.1 and 0.7 MeV. These “start” and “stop” the large parapositronium peak tat0. Air has an oxygen
logic pulses controlled a time to amplitude conveffBAC),  fraction of about 21%, and would therefore be expected to
set to a 1us maximum timing interval, whose output was have a much larger decay constant due to “pick-off.” This is

882 Am. J. Phys., Vol. 67, No. 10, October 1999 M. Yuly 882



100000 30

10000 i 25 4,
~ ]
5 1000 L é s ]
100 2 104-
\ .2 220000404 yovesY
10 T T 5 7]
00 01 02 03 0 ; l — . .
Time (us) 0.0 0.1 0.2 0.3

Starting Time (Us)
Fig. 4. A plot of the time difference between the “start” and “stop” de-
tectors for air at one atmosphefsolid diamonds and neon at about 0.5

| ( Fig. 6. A plot of the fitted value of the decay constantpointg as a
atmospherdgopen squargsn the bell jar.

function of the first time bin for which data were included in the fit. The best
vacuum decay rate theoretical prediction of 7.0a8* (Ref. 12 and ex-
perimental measurements of 7.051 and 7.048" (Refs. 8 and Dappear as

) . ) . _one line at this scalésolid line). The decay rate for isobutane at 800 torr
indeed seen, in fact, for the spectrum in Fig. 4 the fitteddashed lingis 7.63us™* (Ref. 8.

decay constant is approximately 18, which would cor-
respond to a pick-off rate of about 48 Yatm.
An exponential decay function was fit to each decay specy. CONCLUSION
trum using the fitting codeinuiT.%® The function had the
form The decay of orthopositronium is currently of great inter-
Y est because the measured decay constants do not agree with

N=Ae "+B, 4 the predictions of QED, as well as for a host of other lesser
where N is the decay rate for time bity A is a constant reasons. An apparatus has been presented which will allow
related to the formation rate of orthopositroniuBis the  undergraduate students to measure this decay constant in dif-
background accidental coincidence rate, ani$ the decay ferent gases, as well as observe several effects which can
constant. The quality of a typical fit can be seen in Fig. 5distort the shape of the orthopositronium decay spectrum.
which is a plot of the decay spectrum after collecting eventsThe results obtained by this technique should be limited pri-
for about 4 days with one atmosphere of propane. One difmarily by the purity of the gases used, the ability of the
ficulty encountered when fitting this function to the mea-vacuum system to keep out atmospheric oxygen, and the data
sured spectrum is determining the starting time bin for the fitcollection time.
For times less than a certain value, the parapositronium de-
cay as well as thermalization effects can distort the exponen
tial decay curve. Figure 6 shows the fitted valueofor ACKNOWLEDGMENTS
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WHICH ARE THE RIGHT QUESTIONS?

The task of physics is not to answer a set of fixed questions about nature, such as deciding
which particles are elementary. We do not know in advance what are the right questions to ask,
and we often do not find out until we are close to an answer.

Steven Weinberg, “The first elementary particle,” Nat@&6, 213—215(20 March 1997.
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