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Investigation of the Positron Lifetime Spectra in CO2
Abstract:
When a positron enters a cell of carbon dioxide (CO2) gas it undergoes quenching and then annihilates with an electron – either directly, or after forming the short lived state of positronium.  By detecting the gamma-rays emitted at the time of formation of positron, and those emitted at the time of annihilation, a positron lifetime spectrum was obtained for different pressures of CO2 in the cell.  From these spectra, the lifetime of ortho-positronium in a vacuum, vλo-Ps, the effective number of electrons per CO2 atom available for quenching, 1Zeff, and the effective number of electrons per CO2 atom available for annihilation with free-positrons, Zeff, were calculated.  It was found that  vλo-Ps = (145±6)ns, 1Zeff = (0.59±0.09) and Zeff = (48±7), which all approximately agree with the currently accepted values.
Introduction:
A positron is the sub-atomic anti-particle of an electron, with the same mass but opposite charge.  When a positron and electron come close enough together to interact, they can either annihilate directly or form positronium – the bound state in which a positron and an electron temporarily orbit each other, before finally annihilating.  The positronium can have two states depending on whether the electron and positron have parallel, or anti-parallel spin states.  If the two particles have anti-parallel spin states, they form para-positronium which annihilates after a very short lifetime (125ps).  If the particles have parallel spin states they form ortho-positronium which annihilates after a longer life time (144ns).  The variation of free-positron, and ortho-positronium’s lifetime with pressure was investigated.
Methodology:
The apparatus used in the investigation is shown in Diagram 1:
Diagram 1: Apparatus Set-Up
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When sodium-22 decays into neon-22, it emits a positron and a 1.28MeV gamma-ray photon simultaneously.  The gamma ray photon is detected in a ‘start-detector’ via a scintillator and photomultiplier tube.  The positron then enters a cell of CO2 gas (at set pressure) and undergoes quenching before eventually annihilating with an electron.  When an annihilation occurs, two 511keV gamma-ray photons are released and detected in a ‘stop-detector’.  The time-difference between the start and stop-signal (which gives the lifetime of the positron or positronium) is sent to the Time-to-Amplitude Converter (TAC), which converts it to a signal that is fed into a Multi-Channel Analyser (MCA).  The MCA creates a histogram (with 2048 channels) of the lifetimes – the Positron Lifetime Spectrum.
The spectrum has four characteristic features {see Diagram 2 below}.  The first feature is the prompt peak at zero-time (shown here a fixed delay-time later for display purposes) which is due to the annihilation of free positrons within the source itself and the annihilation of para-positronium.  The second feature is a steep linear component that corresponds to the exponential decay of both ortho-positronium and free-positrons, given by the relationship:

ln(Counts) = ln(Ae- λ(fp)t + Be-λ(o-ps)t)

[1]
The third feature of the spectrum is a linear component at longer times which relates to the exponential decay (annihilation) of ortho-positronium only, given by:

ln(Counts) = ln(Be-λ(o-ps)t) = ln(B) - λo-pst

[2]
So by subtracting the exponent relating to ortho-positronium from the whole spectrum, a spectrum relating to the annihilation of free-positrons is obtained.
The final feature is the background noise which dominates the end of the spectrum.  It is due to noise in the wires or annihilations with electrons in the cell walls.  This background noise was subtracted from all of the data to obtain a true lifetime spectra.
[image: image2.emf]Graph 1: True Positron Lifetime Specta in Carbon Dioxide for 0psi (0-1000ns)
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Graph 1: True Positron Lifetime Specta in Carbon Dioxide for 0psi (0-1000ns)

-2

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700 800 900 1000

Time(ns)

ln(Corrected Counts)


By obtaining positron lifetime spectra at different pressures of CO2​ the lifetime of ortho-positronium in a vacuum, vλo-ps, can be calculated, as well as the effective number of electrons per CO​2 atom available for quenching, 1Zeff, and the effective number of electrons per atom available for annihilation, Zeff, using the relationships:

λo-ps = vλo-ps + (0.0498xPpsix1Zeff)
[3]
and

λfp = 0.0124xPpsixZeff


[4]
Method:

The chamber was filled with varying pressures of CO2 (from 10-70psi) and measurements of the lifetimes were taken using the set-up shown in Diagram 1 above.  Each run was left for at least 24 hours in order to acquire enough counts for a meaningful result.  A graph of ln(Counts) against time was plotted and the linear region relating only to the annihilation of ortho-positronium was identified.  Using equation 2 above, a value of the decay constant for ortho-positronium was calculated at each pressure.  Using these values, a line graph of equation 2 was plotted and the intercept (with treal) was calculated, where:

Intercept = ln(B)

Our results are shown in Table 1 below:
Table 1: Ortho-Positronium Data at Various Pressures
	Pressure 
±0.7 (psi)
	Decay Constant
(μs)-1
	Lifetime
(ns)
	ln(B)

	10.0
	7±2
	145±44
	4.8±0.6

	20.0
	9±2
	108±21
	6±1

	30.0
	8±1
	125±16
	5.1±0.6

	40.0
	8±1
	120±16
	5.0±0.7

	50.0
	7.9±0.5
	127±8
	5.0±0.6

	60.0
	8.6±0.2
	117±3
	5.7±0.1

	70.0
	8.90±0.07
	112±1
	6.54±0.03


By plotting a graph of the decay constants acquired at each pressure against pressure a line was obtained with gradient and intercept given by:

(from equation 3)
Gradient = 0.0498x1Zeff

Intercept = vλo-ps
From this line graph, a value for the number of electrons per CO2 atom available for annihilation, 1Zeff, was calculated:
1Zeff = 0.59±0.09



The accepted value of 1Zeff is 0.5.
{J.W.Humberstone (2000), Positron Physics, Cambridge University Press}.
From the intercept, a value for the decay constant of ortho-positronium in a vacuum, vλo-ps, was calculated as:
vλo-ps = (6.9±0.3)(μs)-1

Which corresponds to a lifetime of:
vτo-ps = (145±6)ns
The currently accepted value is vτo-ps = 144ns.
Using the calculated values of ln(B) and λo-ps (see Table 1), the exponential decay component relating to the annihilation of ortho-positronium was subtracted from all of the spectra in order to obtain spectra only relating to the exponential decay of free-positrons.  Using the same methods as for ortho-positronium with these new spectra, values of λfp for different pressures of CO2 were calculated.  Using equation 4, the effective number of electrons per CO2 atom available for annihilation, Zeff, was calculated by plotting the decay constant at each pressure against pressure:
Zeff = 48±7
The currently accepted value  is Zeff = 53 {J.W.Humberstone, Positron Physics}.
Uncertainties:
At lower pressures of carbon dioxide, the free-positrons live longer as they have a longer mean-free-path because there are less CO2 molecules in the cell.  This causes the counts of free-positron decays to trail into the region due to ortho-positronium decays only and so the decays due only to ortho-positronium become less defined.  At higher pressures, the free-positrons have a distinctly lower lifetime than ortho-positronium and the component  of the spectrum relating only to ortho-positronium decays is very distinguishable, hence there is less uncertainty on our calculations at higher pressures.
Conclusion:
Using the apparatus shown in diagram 1, the positron lifetime spectra at different pressures of CO2 were measured and the decay constants of ortho-positronium and free-positron were calculated for each pressure.  It was found that the lifetimes decrease with pressure.  This is because the mean-free-path of the positrons decreases with pressure as there is greater likelihood that they’ll interact with an electron in the valence shell of the CO2 molecules.
The lifetime of ortho-positronium in a vacuum, vλo-ps, was calculated to be:
vλo-ps = (6.9±0.3)(μs)-1
this corresponds to a lifetime of ortho-positronium in a vacuum of:
vτo-ps = (145±6)ns


{The accepted value is 144ns.}

The effective number of electrons per atom available for quenching, 1Zeff, was calculated:

1Zeff = 0.59±0.09


{The accepted value for CO2 is 0.5}

By subtracting the component of the spectrum relating to ortho-positronium annihilation from the total spectrum, a value for the effective number of electrons per CO2 atom available for annihilation with free-positrons was calculated to be:
Zeff = 48±7



{The accepted value for CO2 is 53}
This investigation confirms the effectiveness of the current methods employed for measuring nano-scale lifetimes, and verifies the theoretical theories that the lifetimes of free-positrons and ortho-positronium vary linearly with target source (ie: vary with Zeff), and pressure of target gas according to the relationships given by Equations 3 and 4 (page 3).
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Where Ppsi is the CO2 pressure in the cell in pounds per square inch (psi).
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Diagram 2: Positron Lifetime Spectrum in CO2 at 70psi (0-1000ns)
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Linear component corresponding to free-β+ and o-Ps annihilation�= ln(Ae- λ(fp)t + Be-λ(o-ps)t)





Linear component corresponding to o-Ps annihilation only�= ln(Be-λ(o-ps)t)�= ln(B) - λo-pst





Where A & B are constants.�λ(fp/o-ps) is the decay constant of free-positrons/ortho-positronium respectively
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