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‘ j«/ ke Since the begmmv\g, the
1 | . ) L ‘ |
!. |,,Mww’bﬁ’ neubrino was an odd one...

Neubkrino mass

measurements have a long
kis&ory LA thsit:s,
preciaﬁng the Skandard
Model ikself.

It should therefore be no
surprise that our quest to
understand this
fundamental property
continues; both for its ocwn
right as well as its

theoretical imptiaaﬁons‘
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2015 Nobel Prize in Physics

Arthur B. McDonald Takaaki Kajita
(Sudbury Neutrino Observatory) (Super-Kamiokande)




The tegmtj. .

excluded by-MAINZ/TROITSK

sensitivity- of KATRIN

Qian and Vogel, Progress in Particle
and Nuclear Physics 83 (2015).
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Lightest neutrino mass in eV

Beta Decay Measurements
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Eg - Eq (eV)

Look for a kink in
the eleckron sp&t&rum

H = 3He* + e + Ve

Reka ‘De{:&v

A kinematic determination of the neubrino mass

No model dependence on cosmology or nature of mass
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{requ,evu:v ,

Coherent radiakion emikkted A.L.Schawlow
con be collected and used
to measure the energy of

the eleckron in nown-
des&rwr:&ivetv«

Frequency Approach

SH — °Het + e~ + 7,
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Novel technique of Cyclotron
Radiakion Emission A. L. Schawlow
Spectroscopy (CRES):

eB

B field —
e Cyclotron radiation from single — 2m me + K / c?

e” in maghetic field

¢ Source gas tramsparent to
microwave radiakion

® No e transport from source to
detector (gas scattering)

. . | For 1 T field, emission is at 26 GHz.
o Highly precise frequency

measurement Technigues common to radio astronomy can be used

for signal detection.

B. Monreal and JAF, Phys. Rev D80:051301



Long Time Prediction...

The Radiation from an Electron describing a C1rcu1ar-

Orbit,

THE complete formula for the radiation may be useful to
some of those who are now indulging in atomic specula-
tions. It is derived from ‘the general formula I gave a year
ago in Narure (October 30, 1902), expressing the electro-
magnetic field everywhere due to an electron moving any-
how Put in the special value of R required,. Which is a
matter of elementary geometry, and the result is the com-
plete finite formula. But only the part depending on R-1

o | is required for the radlatlon and, in fact,  we only want

the r—! term (if r=distance from the centre of the orbit),
if the ratio of the radius of the orbit to the distance is
insensible, and that, of course, is quite easy, on account ol
the extreme smallness of electronic orbits. The magnetic

UR
—Q —a cos 0 cos ¢,
47rr7j

force is given by

subject to

u .
{1 A B=—smn 0,
I — 8 sin cpl v o

bo=P, -+ B cos ¢y=¢ — ni +nrjv.

 There is' no limitation upon the size of u/v, save that it
must be less than 1. But there is a lmntatmn regarding

The idea thalt accelerating
elecktrons emit radiakion dates
back to 1¥97 (Larmor)

L

Cyclotron  emission tkself can be
traced back to 0. Heaviside (1904).
Yeb, single electron detection had
not been exploited.



Basic Layout of
Cur ?’rc}&c}&jpa

® Gas/Electron System
Provides mono-enerqgetic
electrons for signal detection.,

® Maghel System
Provides magnetic field and
trapping of electromns.

® RF Detection/Calibrakion System
Detection of microwave signal.

Superconducting
Solenoid Magnet

Cryocooler




The Apym‘a&us

Copper waveguide
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injection port

Waveguide

Cut-away
Photo of apparatus

Cyclotron frequency coupled directly to standard waveguide ot 26 GHz, located inside
bore of NMR 1 Tesla magnet.

Magnetic bottle allows for trapping of electron within cell for measurement.



Calibration
Signal Source @ *

' RF Switch Box :

...................................................

--------------------------------------------------------------------------------------------------------------------------------------

__ Kapton __
windows

DPPH

WR-42 WR-42
90° Twist| [ 119.4 cm

Electron
Trap

8-bit

Digitizer

600-2060 MHz
Oscillator

-3dB

--------------------------------------------------------------

sl Bulkhead Adapter
== \/acuum Feedthrough

- Long RF Cable

WR-42 to
WR-28 Transition WR-28

----------------------------------------

e

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------

Oscillator

Wavequide Detector

Phase I setup is a waveguide setup for single electron

detection (about 1 fW power emission)




?roj&tﬁ ¥'s “Event Zero”
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Phys. Rev. Lett. 114 (2015) 16, 162501

Cyclotron Radiakion Emission Spectroscopy (CRES) for single relativistic
electrons now experimentally demonstrated.



?roj&tﬁ ¥'s “Event Zero”
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Electron scatters of gas, losing
energy and changing pitch angle
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kinetic energy
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Phys. Rev. Lett. 114 (2015) 16, 162501 '~ "

Exhibits all pre_dw&ed characteristics:

— Ownset «frequev\tj

— Enhergy loss due to cyclotron radiation — Quantum jumps due to inelastic scattering



High Resolution Achieved

Region of interest near the 30.4 keV lines

1 MHz=20eV (bins are 0.5 eV wide)

| I [ [ | I
Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV
Separation is 52.8 eV

electron scatters inelastically, losing
energy and changing pitch angle.

N

Counts / keV / sec

Frequency - 24 GHz (MHz)
Signal-to-noise ratio (linear)

frequency chirps linearly,
corresponding to ~1 fW
radiative loss.

start frequency of the first
track gives kinetic energy.

30.20 30.25 30.30 30.35 30.40 30.45 30.50
Track Initial Energy [keV]
Time (ms)

Imaging of single electrons, Improved resolution
including scattering (~3.6 eV at 30 keV)

Imaqging of mono-enerqetic electrons show excellent precision and resolution of
axpec&ed electron Lines (about 3.6 eV FWHM).

Shown to be a powerful spectroscopic tool for radicactive gasses.




‘gas inlet Z2 trap coils calibration port

We are now moving toward a competitive

neutrine mass measurement using this

Next Stage:
Phase 11
(Tritium Cell)

Eechhiqu&.

Firsk Erikium run startks Ehis Year.



~ural Groals

Phase 111
¢ Multiple antennas to
provide detection in large

volume,

¢ Sensitivity goal of ~ 2 eV,

PRELIMINARY

—

Phase IV

¢ Move to large volume (m3)

A? ‘W] ssew 1) %06

Standard deviation in m 2, eV?
o

atomic btritium target.
¢ (voal ko reach nverkted

YWAQSS orderims scale.

. 3
Effective volume, m




The Radic
As&roy\omv
Overiap
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ROACH2 planned for
Phase II data taking
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Frequency (MHz)

Complex frequency event
reconstruction, mu&ifni@_
antennas,
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