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Building an atomic source for the Project 8 experiment
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There have been significant gains in characterizing neutrino properties in recent years, however the
absolute neutrino mass scale continues to be elusive. The Project 8 collaboration seeks to probe
this quantity directly via kinematic analysis of tritium beta decay, using the cyclotron radiation
emission spectroscopy (CRES) technique. In order to make neutrino mass measurements with a
design sensitivity of 40 meV, the Project 8 experiment must use atomic tritium. To create an atomic
tritium source suitable for the Project 8 experiment, molecular tritium is thermally dissociated
into atomic tritium, which is then state selected and cooled. I will report on the current status of
the atomic source development, covering subsystems for dissociation in coaxial cracker design,
followed by accommodation from a surface which is held at 10 K. The requisite low-field-seeking
states are then magnetically guided, evaporatively cooled, and injected into the trap where the
atoms decay.
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1. Introduction to neutrino mass measurement

There have been significant gains in characterizing neutrino properties in recent years, however
the absolute neutrino mass scale continues to be elusive. Of the currently available neutrino mass
measurement techniques, the best upper limit has been set by experiments using a kinematic decay
method. This method examines the high-energy tail (“endpoint region") of tritium beta decay
spectra, whose shape depends on the neutrino rest mass 𝑚𝛽 . This extracted neutrino mass 𝑚𝛽 is an

incoherent sum of the neutrino mass eigenstates, with 𝑚𝛽 =

√︃∑3
𝑖=1 |𝑈𝑒,𝑖 |2𝑚2

𝑖
; where 𝑈𝑒,𝑖 are the

PMNS mixing matrix elements associated with beta decay, and𝑚𝑖 the neutrino mass eigenvalues [1].
Currently, the best upper limits have been set by the KATRIN experiment, which measures

the integrated spectrum of an ultra-luminous gaseous molecular tritium source with a MAC-E filter
technique [2]. In order to go beyond the design sensitivity of the KATRIN experiment (0.2 eV) and
probe the inverted hierarchy region of phase space, we must explore new ideas.

2. The Project 8 experiment

The Project 8 experiment [3] is proposed as one of these next-generation neutrino mass measurement
experiments. This experiment also examines the endpoint region of tritium beta decay spectra, but
with a novel approach. The Project 8 experiment detects cyclotron radiation emitted from tritium
beta decay electrons trapped in a homogeneous magnetic field, called "CRES" (cyclotron radiation
emission spectroscopy). The frequency of this detected radiation maps to the beta decay electron’s
kinetic energy, so can be used to reconstruct the differential beta decay spectrum.
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FSD is the same for both HT and TT, the close agreement is confirmation of the FSD for both

isotopologues.

The FSD for molecular tritium is now very robust and no longer contributes significantly to the

systematic uncertainty budget even in the KATRIN experiment. Nevertheless the broadening of

the response function caused by the FSD exacts a statistical penalty and makes it more di�cult

to reach small neutrino masses. The appeal of a source of atomic tritium is illustrated in Fig. 21.

The atomic line is very narrow, broadened only by thermal motion, and the first excited state is
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FIG. 21: The ground-state manifold of molecular tritium compared to the ground state of atomic tritium.

The atomic line is here placed on the same scale as the molecular binding energy of Fig. 19. The ground-

state Q-values di↵er by 8.29 eV. Because of recoil e↵ects, the ground-state extrapolated endpoint values

(�00 �me in [109]) di↵er by 9.99 eV, but the molecular rotational and vibrational excitations that broaden

the molecular peak make the endpoint energy for the atomic decay e↵ectively about 8 eV smaller than the

molecule. Translational Doppler broadening corresponding to a temperature of 1 K is included in the atomic

line. The molecular line is from [154].

at -49 eV on this scale. The FSD for atomic tritium in the sudden approximation is simply the

squared overlap of the radial wavefunction Rnl(r, Z) of the hydrogen ground state and the radial

wavefunctions of the ns-states of He+, which are analytic functions. For example, the ground-state

Figure 1: Comparison of final state energies of
atomic tritium (T) and molecular tritium (T2),
from [1].

In order to scale up from the successful
demonstrator experiment and achieve its final de-
sign sensitivity of 𝑚𝛽 = 40 meV, the Project 8
experiment must improve both its statistical reach
and systematics mitigation. The statistical sen-
sitivity can be increased by trapping more beta
electrons, thus by increasing the CRES detection
volume. The volume properties and geometry are
covered in more detail here [4].

The biggest gains in systematic sensitivity
come from getting a handle on one of the cur-
rent largest irreducible systematics in modern beta
decay experiments: the molecular final states of
tritium (see Figure 1).

The uncertainty in the calculated distri-
bution of energy going into rotational, vibra-
tional, and electronic excitation within the tritium
molecule can smear out the neutrino mass by about
100 meV. In order to circumvent this systematic,

the Project 8 experiment will need an atomic tritium source.
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3. Atom source production

There are a few key ingredients for preparation of an atomic tritium source with characteristics
suitable for the planned 40 meV final experiment. To achieve this sensitivity, we require a high atom
flux (1019 atom/s) at 10 mK with the correct spin state to ensure successful trapping.

The first step to preparing this atom source is to dissociate molecules into atoms. In order
to accelerate the R&D process and avoid unnecessary contamination, tritium is substituted for
hydrogen due to its similar properties. We have successfully demonstrated thermal dissociation of
molecular hydrogen at JGU Mainz, up to 2500 K, with input flows up to 20 sccm (more than an order
of magnitude higher than in previous literature [5]) via mass spectrometry. A sample dissociation
measurement is shown in Figure 2a. We can also reconstruct the shape of the resultant atomic
beam via measurements of recombinant heating on a thin tungsten wire (Figure 2b). Additionally,
quantifying the signal-to-noise ratio (SNR) is key to optimal mass spectrometer configuration
selection (Figure 2c).

Larisa Thorne (Johannes Gutenberg University Mainz)

SOURCE:  ATOM  PRODUCTION

22

Hydrogen dissociation measurement at JGU Mainz:
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(a) Estimated dissociation efficiency. Credit: A. Lindman.
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Beam profile measurement with wire detector at JGU Mainz:
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(b) Atomic beam shape. Credit: C. Matthé.
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Hydrogen dissociation measurement at JGU Mainz:
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(c) Optimization of mass spectrometer SNR. Optimal elec-
tron energy setting is denoted by the green dashed line.
Credit: L. Thorne.

Figure 2: Atomic hydrogen beam characterization studies at the JGU Mainz setup.
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With a well-characterized source of hydrogen atoms in hand, the next step is cooling (“ac-
commodation"). This will be done in two steps: first to 150 K to take advantage of a minimum in
recombination probability to reduce atom losses. Heat transfer calculations and material selection
is in progress, as well as purchase of the necessary liquid nitrogen cooling system. The second step,
development of a 10 K nozzle cooled by liquid helium, is also in progress.

Upon exiting the 10 K nozzle, the atoms will be cooled further via the Magnetic Evaporative
Cooling Beamline (MECB). This technique filters out “hot" atoms with high transverse momentum,
allowing for cooling via internal collisions. Tests with a 6Li source are currently being conducted
at UT Arlington to validate simulations and establish the proof-of-principle.

The final step in the atom source preparation is trapping. To this end, we are designing a
vertical magneto-gravitational atom trap. This trap will be formed by a Halbach array, developed
at UIUC in Illinois, and contain atoms at 10 mK.

4. Summary

After successfully demonstrating the CRES technique as a candidate for measuring neutrino mass
with molecular tritium [3], the Project 8 collaboration is developing an atomic tritium source to
achieve its 40 meV design sensitivity. We present updates from the atomic development efforts,
including measurements from the first atom beam characterization campaigns, as well as a glimpse
into ongoing simulation efforts on the cooling and atom trapping components.
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