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Abstract. The Project 8 Collaboration is exploring a new technique for the spectroscopy of
medium-energy electrons (∼ 1 – 100 keV) with the ultimate goal of measuring the effective mass of
the electron antineutrino by the tritium endpoint method. Our method is based on the detection of
microwave-frequency cyclotron radiation emitted by magnetically trapped electrons. The immedi-
ate goal of Project 8 is to demonstrate the utility of this technique for a tritium endpoint experiment
through a high-precision measurement of the conversion electron spectrum of 83mKr. We present
concepts for detecting this cyclotron radiation, focusing on a guided wave design currently being
implemented in a prototype apparatus at the University of Washington.

Keywords: neutrino, tritium, beta decay, krypton-83, conversion electron, electron spectroscopy,
cyclotron radiation, waveguide
PACS: 29.30.Dm, 14.60.Pq, 23.40.Bw, 23.20.Nx, 84.40.Az

INTRODUCTION - NEUTRINO MASS SCALE AND HIERARCHY

Observations of neutrino flavor oscillations indicate that the neutrino flavor eiginstates
νl (l = e,μ,τ) are an admixture of nondegenerate mass eigenstates νi (i = 1,2,3):

νl =
3

∑
i=1

Uliνi, m2
ν l =

3

∑
i=1

Ulim2
i (1)

where U is the unitary 3× 3 mixing matrix with elements determined by the observed
oscillation amplitudes, the mis are mass eigenvalues and the mν ls are the effective masses
of the flavor eigenstates. The oscillation amplitudes depend only on the differences of the
squared mass eigenvalues (Δm2

i j ≡ m2
i −m2

j), so the absolute scale of the masses is not

determined. Two independent values have been measured: Δm2
21 = 7.50+0.19

−0.20×10−5 eV2

and
∣
∣Δm2

32

∣
∣ = 2.32+0.12

−0.08× 10−3 eV2 [1]. The sign of the latter term is undetermined,
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FIGURE 1. The neutrino mass eigenvalues as a function of the lightest eigenvalue in the normal
(left) and inverted (right) hierarchies. The shaded regions show the effective electron antineutrino masses
excluded by Mainz and Troitsk[2, 3], the exclusion region expected from KATRIN[4] and a speculative
exclusion region for a future experiment, showing that one order of magnitude sensitivity improvement
beyond KATRIN could resolve the hierarchies. The electron antineutrino has negligible admixture of the
m3 state, so such an experiment would give a null result for the normal hierarchy, while the inverted
hierarchy would result in an observation since mνe ≈ m1 ≈ m2 is within experimental sensitivity.

leading to ambiguity in the ordering of the mass eigenvalues. Figure 1 illustrates the
possibilities for both the undetermined absolute scale and hierarchy. The determination
of these two unknowns is a top priority in experimental particle physics and the goal of
the Project 8 experiment.

THE TRITIUM ENDPOINT METHOD WITH PROJECT 8

The effective mass of the electron antineutrino (hereafter referred to simply as “the
neutrino” for brevity) can be determined as a free parameter in a fit to the endpoint
region of a tritium beta decay electron spectrum [5]. When tritium decays in a region
of uniform 1T magnetic field B, the daughter electron travels along the field lines in a
spiraling cyclotron motion, radiating ∼ 1 fW of power at the cyclotron frequency [6].
The frequency depends on the kinetic energy Ee of the electron via the Lorentz factor γ:

f =
f0
γ

=
1

2π
eB

me +Ee
, (2)

so a measurement of the frequency spectrum is tantamount to a measurement of the en-
ergy spectrum, with a 50 kHz band corresponding to 1 eV resolution. An 18.6 keV end-
point electron has f = 26GHz. It takes at least 30 μs to make such a precise frequency
determination, which implies a total electron path length over 2 km.

The Project 8 collaboration is finalizing a prototype apparatus at the University of
Washington (Figure 2) that will demonstrate the efficacy of this technique by measuring
the conversion electron spectrum of 83mKr, which has monoenergetic lines at 17.8 and
30.2 keV. Gaseous 83mKr at pressure < 10−6 torr diffuses into the active region inside
of a standard WR42 rectangular waveguide region. The region has a uniform 1T field
provided by a superconducting solenoid plus an additional copper trap coil that provides
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FIGURE 2. The Project 8 waveguide prototype. This assembly is inserted into the two-inch diameter
cold bore of a superconducting solenoid. The trap region is centered in the WR42 waveguide, whose
extentions transport cyclotron radiation in the TE10 mode to low-noise amplifiers. Source gas diffuses
through the active trap region from a high-vacuum system outside the bore.

a shallow magnetic bottle to confine electrons with pitch angles nearly perpendicular
to the field to a region centered in the waveguide. Approximately half of the cyclotron
radiation power from a trapped electron couples to the TE10 waveguide mode with half
of that propagating in each direction towards a NRAO-designed cryogenic low-noise
amplifier. These amplifiers condition the raw 26GHz signals for the room-temperature
receiver chain, which mixes them down in two stages to approximately 100MHz after
which they are digitized continuously at 500MHz sample rate for offline event discovery
and analysis. An expected signal has three primary features: a central carrier frequency
at approximately 26 GHz as described above, a steady chirp, or frequency rise, of 10–
100 kHz due to kinetic energy carried away by the cyclotron radiation, and a warble
caused by repetitive rises in frequency during reflections at the ends of the magnetic
bottle region and doppler effects.

The Project 8 waveguide prototype is expected to run in late Summer 2012. Detailed
calculations of the expected signals and simulation and analysis of the entire chain
from waveguide propagation to digitization indicate that we will have sensitivity to
any electrons trapped for ∼ 100μs. Results from this and future runs will equip the
collaboration with the information needed to compute the neutrino mass sensitivity of
the method and scale the technique up for a full-scale neutrino mass measurement.
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