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The	Cosmic	Neutrino	
Background

• Produced	1	s	aTer	Big	Bang	(CMB:	379k	years)	

• Number	density:	330	cm-3	=	6	n0	

• Temperature:	1.9	K	

• Energy:	0.16	meV	

• Velocity:	10-3	-	1	c	

• CNB	cross	sec0on	to	neutrons:	10-27	pb
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Neutrino	Flux	Comparison

�5

[K
at
z,
	S
pi
er
in
g	
20
11
]

This	talk



Mar0n	Spinrath	(NTHU) Detec0ng	the	CNB	&	Other	Cosmic	Relics27/09/18	-	NTU

The	Oldest	Picture	of	the	
Universe	(so	far)

�6[PLANCK,	taken	from	esa.int]
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The	Oldest	Picture	of	the	
Universe	in	the	future?

�7

The Cosmic Neutrino Background Anisotropy - Linear Theory 6

Figure 2. Sky maps of the primary neutrino power spectra, CΘ
l
, with the dipole

included, for mν = 10−5 eV (top-left), 10−3 eV (top-right), 10−2 eV (bottom-left) and
10−1 eV (bottom-right). The maps have been generated with the same underlying
random numbers with the HEALPIX package [35].

masses and Fig. 2 shows sky map realisations for these spectra.
The massless case (i.e. 10−5 eV) is consistent with the result of [30]. At high l

the spectra are almost identical, and do not depend on the neutrino mass. The reason

for this can be understood from the following argument: Above a certain k-value, kFS,

neutrinos are completely dominated by free-streaming and this k-value is proportional to

mν . In order to convert this to an l-value one then uses the relation lFS ∼ kFSχ∗ (where

χ∗ is the comoving coordinate from which the neutrinos originate) and since χ∗ ∝ m−1
ν

for non-relativistic particles [36], lFS does not depend on mν . Inserting numbers one

finds lFS ∼ 100 which is in good agreement with Fig. 1. At smaller angular scales,

l >∼ lFS, the anisotropy comes from the Sachs-Wolfe effect during radiation domination.

For smaller l-values the anisotropy increases dramatically as the mass increases.

This can be understood as follows. As soon as neutrinos go non-relativistic the ϵk
3qψ

d ln f0
d ln q

term in Ψ̇1 begins to dominate the Boltzmann hierarchy evolution. This quickly makes
the higher l modes increase as well, and the final amplitude simply depends on the time

elapsed after neutrinos go non-relativistic.

The effect can be seen in Fig. 3 which shows the evolution of Ψ1, Ψ2 and Ψ10 for

three different neutrino masses and two different k-values. As soon as neutrinos go

non-relativistic Ψ1 immediately begins to grow, and the higher Ψl’s follow with a slight

delay for k = 0.1 hMpc−1. This exactly matches the low l behaviour seen in Fig. 1.

[Hannestad	&	Brandbyge	’06]

mn	=	(10-5	eV,	10-3	eV,	10-2	eV,	10-1	eV)	from	upper	leT	to	lower	right
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The	Other	Relics

�8

[M33	rot.	curve,	Source:	Wikipedia]
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[Chandra	picture	of	the	bullet	cluster]



Mar0n	Spinrath	(NTHU) Detec0ng	the	CNB	&	Other	Cosmic	Relics27/09/18	-	NTU

Fake(?)	WIMP	Miracle

�9
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
NLeSC, Weizmann Institute of Science, I-CORE, Pazy-
Vatat, Initial Training Network Invisibles (Marie Curie
Actions, PITNGA-2011-289442), Fundacao para a Cien-
cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is
performed using infrastructures from the Open Science
Grid and European Grid Initiative. We are grateful to
Laboratori Nazionali del Gran Sasso for hosting and sup-
porting the XENON project.

⇤ daniel.coderre@physik.uni-freiburg.de
† pdeperio@astro.columbia.edu
‡ feigao@astro.columbia.edu
§ Also at Albert Einstein Center for Fundamental Physics,
University of Bern, Bern, Switzerland

¶ Also at Kobayashi-Maskawa Institute, Nagoya Univer-
sity, Nagoya, Japan

⇤⇤ Also at Coimbra Polytechnic - ISEC, Coimbra, Portugal
†† xenon@lngs.infn.it
[1] G. Bertone, D. Hooper and J. Silk, Phys. Rep. 405, 279

(2005).
[2] L. Roszkowski et al. Rep. Prog. Phys. 81, 066201 (2018).
[3] T. Marrodán Undagoitia and L. Rauch, J. Phys. G 43,

no. 1, 013001 (2016)
[4] L. E. Strigari, Phys. Rep. 531, 1 (2012).
[5] E. Aprile et al. (XENON Collaboration), Phys. Rev.

Lett. 119, 181301 (2017).
[6] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.

118, 021303 (2016).
[7] X. Cui et al. (PandaX-II Collaboration), Phys. Rev. Lett.

119, 181302 (2017).
[8] E. Aprile et al. (XENON Collaboration), Eur. Phys. J.

C 77: 881 (2017).
[9] E. Aprile et al. (XENON Collaboration), Eur. Phys. J.

C 75: 546 (2015).
[10] P. Barrow et al. JINST 12, no. 01, P01024 (2017).
[11] E. Aprile et al. (XENON Collaboration), JINST 9,

P11006 (2014).
[12] P. Sorensen, K. Kamdin. JINST 13, P02032 (2018).
[13] D. Furse et al.. New J. Phys. 19 053012 (2017)
[14] E. Aprile et al. (XENON Collaboration), Phys. Rev. D

95, 072008 (2017).
[15] R. F. Lang et al., Nucl. Inst. and Meth. A 879, 31 (2018).
[16] B. Riedel et al. PEARC ’18, ISBN 978-1-4503-6446-1

(2018). doi:10.1145/3219104.3219155.
[17] XENON Collaboration. (2018). The pax data processor

v6.8.0. Zenodo. http://doi.org/10.5281/zenodo.1195785
[18] R. Saldanha et al., Nucl. Inst. and Meth. A 863, 35

[X
EN

O
N
1T
	re

su
lt	
’1
8]

Time	to	think	again?!
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Resonant	Absorp0on

• Similar	to	GZK	cutoff	for	charged	cosmic	rays	

• Resonant	scagering	

• Dip	in	energy	spectrum	expected	at	1011	GeV	
• Highest	energe0c	neutrinos	observed	have	O(103)	GeV	

• High	energe0c	Z	bursts	(not	seen	so	far)

�11

[Weiler	'82]
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CNB wind

l

Interferometer

d

Pendulum

θ

• Pendulum	in	neutrino	wind  
		

• LIGO-like	interferometers 
		

• Einstein	telescope	maybe

The	Experiment

�13

[Domcke,	MS	'17]

a� � 3 · 10�18+Kfb2

a� � 10�16+Kfb2

a� � g

l
d
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Theory:	Scagering
• Results	for	three	kinema0cal	cases: 
 
 
 
 

• Compare	to	experimental	sensi0vity:

�14

a� � 10�16+Kfb2

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]

aG2
F
=

n⌫

2 n̄⌫

8
><

>:

3 · 10�33 +Kfb2 7Q` U_V
5 · 10�31 (m⌫/0.1 2ofc2) +Kfb2 7Q` UL_@L*V
2 · 10�27 (10�3/�pB`) +Kfb2 7Q` UL_@*V
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Other	Winds
• Solar	neutrinos	

• Cold	WIMP	Dark	Mager	(mX		>	1	GeV)	

• Light	WIMP	Dark	Mager	(mX		=	3.3	keV)

�15

abQH�`�� � 3 · 10�26 +Kfb2

a.J � 4 · 10�30

�
(A � Z)2

76 A

� � �X�N

10�46 +K2

� �
�/�`FUHQ+�HV

10�24 ;/+K3

��
�X

10�3

�2

+Kfb2

aHB;?i .J � Nc a.J � 109 a.J

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01]

[See	also	Graham	et	al.	'15]
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Improvements	and	
Alterna0ves

• Sensi0vity	propor0onal	to	g	factor	
• Suspension	

• Space	

• Give	up	on	pendulum	setup	
• free	falling	masses	and	wait	

• Alterna0ves	to	mechanical	force	experiment	
• Resonant	Absorp0on	

• Inverse	beta	decay	(PTOLEMY)
�16

[Domcke,	MS	'17]
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Inverse	Beta	Decay

• Lots	of	Neutrinos	around	

• Radioac0ve	nuclei,	e.g.	
tri0um	

• Wait	for	a	neutrino	
capture	

• Goes	back	to	Weinberg

�18

[Weinberg	’62]
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Energy	Spectrum

�19

[Long,	Lunardini,	Sabancilar	’14]
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Numbers

• Number	of	target	nuclei:	2	x	1025	(100	g)	

• Rate	for	Dirac	par0cles	(no	right-helical	
neutrinos	today):	

• Rate	for	Majorana	par0cles	(both	helici0es	
equally	present):

�20

[Long,	Lunardini,	Sabancilar	’14]

�.
*L" = �̄ c n0 NT ⇡ 4.06 v`�1

�J
*L" = 2�.

*L" ⇡ 8.12 v`�1
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Princeton	Tri0um	Observatory	for	Light,	
Early-Universe,	Massive-Neutrino	Yield

�21

[PTOLEMY	’13]

neutrinos with electron-flavor content for masses of 0.1–1keV, where less stringent, 10eV,
energy resolution is required. The search for sterile neutrinos with electron-flavor content
with the 100g PTOLEMY is expected to reach the level |Ue4|2 of 10�4–10�6, depending on
the sterile neutrino mass.

Figure 1: The PTOLEMY conceptual design starts with a large area surface-deposition
tritium source, accelerates into a MAC-E filter with 10�3–10�4 cut-o↵ precision, accelerates
electrons above the endpoint and down to 50–150eV below the endpoint into a long, uniform
field solenoid where the RF signal from the cyclotron motion of individual electrons in
a 2T magnetic field provide a tracking detector measurement above a minimum transverse
momentum, then finally the electron is decelerated into a sub-keV energy range, low magnetic
field region, and measured with a high resolution cryogenic calorimeter in time-of-flight
coincidence with the RF tracker.

i
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Event	Rates

• b-decay	electrons	from	100	g	tri0um:	1016	/s	

• Frac0on	within	100	eV	of	endpoint:	∼2	x	10-7	

• Frac0on	within	0.1	eV	of	endpoint:	∼2	x	10-16	

• Expected	event	rate	in	signal	region:	2	Hz	

• Expected	CNB	events:	O(1)	/yr	

�22

[PTOLEMY	’13]
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Current	Status
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[PTOLEMY	’18]
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5Università degli Studi di Genova e INFN Sezione di Genova, Genova, Italy
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16Universidad Politécnica de Madrid, Madrid, Spain
17Instituto de F́ısica Corpuscular (CSIC-Univ. de València), Valencia, Spain
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Abstract

We propose to achieve the proof-of-principle of the PTOLEMY project to directly detect the
Cosmic Neutrino Background (CNB). Each of the technological challenges described in [1, 2]
will be targeted and hopefully solved by the use of the latest experimental developments and
profiting from the low background environment provided by the LNGS underground site. The
first phase will focus on the graphene technology for a tritium target and the demonstration of
TES microcalorimetry with an energy resolution of better than 0.05 eV for low energy electrons.
These technologies will be evaluated using the PTOLEMY prototype, proposed for underground
installation, using precision HV controls to step down the kinematic energy of endpoint electrons
to match the calorimeter dynamic range and rate capabilities. The second phase will produce a
novel implementation of the EM filter that is scalable to the full target size and which demon-
strates intrinsic triggering capability for selecting endpoint electrons. Concurrent with the CNB
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first phase will focus on the graphene technology for a tritium target and the demonstration of
TES microcalorimetry with an energy resolution of better than 0.05 eV for low energy electrons.
These technologies will be evaluated using the PTOLEMY prototype, proposed for underground
installation, using precision HV controls to step down the kinematic energy of endpoint electrons
to match the calorimeter dynamic range and rate capabilities. The second phase will produce a
novel implementation of the EM filter that is scalable to the full target size and which demon-
strates intrinsic triggering capability for selecting endpoint electrons. Concurrent with the CNB

1

ar
X

iv
:1

80
8.

01
89

2v
1 

 [p
hy

si
cs

.in
s-

de
t] 

 6
 A

ug
 2

01
8



Mar0n	Spinrath	(NTHU) Detec0ng	the	CNB	&	Other	Cosmic	Relics27/09/18	-	NTU

Outline

• Introduc0on	

• Resonant	Absorp0on	

• Mechanical	Forces	

• Inverse	b-Decay	Processes	
• PTOLEMY	

• Muon	Beam	

• Summary	and	Conclusions
�24



Mar0n	Spinrath	(NTHU) Detec0ng	the	CNB	&	Other	Cosmic	Relics27/09/18	-	NTU

µ beam

ν wind

particle ID

e

ν

W

Another	Idea
• Increase	the	cross	

sec0on	(∼E2)	by	using	a	
beam	

• High	energy/intensity	
muon	beams	available	

• Look	for	electrons	in	
final	state

�25

[MS,	Tancredi,	Zurita	WIP;	see	also	
Weiler	'01,	Mellissinos	'99,	Müller	'87]
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CERN	M2	Beam	Line

�26

[t
ak
en

	fr
om

	sb
a.
w
eb

.c
er
n.
ch
/s
ba

/B
ea
m
sA
nd

Ar
ea
s/
M
2/
M
2-

O
pe

ra
to
rC
ou

rs
e.
pd

f]

172 ± 17 GeV/c
160 ± 6 GeV/c

9 x 1.1 m Beryllium to stop the hadrons
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CERN	M2	Beam	Line

• Beam	energy:	150	GeV	

• Muon	rate:	1.3	x	107	/s	

• Beam	"length":	100	cm	

• Trea0ng	the	beam	as	fixed	target,	event	rate: 

�27

R = 1.3⇥ 109 n⌫ �
+K
b



Mar0n	Spinrath	(NTHU) Detec0ng	the	CNB	&	Other	Cosmic	Relics27/09/18	-	NTU

Physics	Cases	(Preliminary)
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[MS,	Tancredi,	Zurita	WIP]
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Why	are	we	so	much	worse	
than	PTOLEMY?

• Reminder:  

• CNB	number	density	the	same	

• Cross	sec0ons:	

• Amount	of	muons/tri0um: 
 

�29

�̄ahw/�̄Sh ⇠ 105

Nµ/NT ⇠ 10�27

� ⇠ n⌫ �̄N

[MS,	Tancredi,	Zurita	WIP]
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Outline
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Summary	and	Conclusions

• The	CNB	is	one	of	the	earliest	pictures	of	the	
universe	

• Overwhelming	indirect	evidence	

• But	no	direct	observa0on	so	far	

• Maybe	possible	via	inverse	b-decay	(PTOLEMY)	

• CNB	searches	can	be	DM	searches	as	well	

• It	is	fun	to	think	about	other	ideas	as	well...
�31
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Backup
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Indirect	Evidence
• Big	Bang	Nucleosynthesis	

• Imprint	on	Baryon	Acous0c	Oscilla0ons

�33

where d is the (comoving angular-diameter) distance to the
last-scattering surface. These modes oscillate with a period
such that they achieve their first extremum at the epoch of
last scattering, t ¼ t", and thus produce the first peak in the
power spectrum. Modes with a wavelength of ∼220 Mpc
project into l≃ 400. They have a shorter oscillation period
so that by t ¼ t" they have gone through their first
extremum and reached a null at the time of decoupling.
Modes that hit their pth extremum at decoupling contribute
to the pth peak.
A key length scale for understanding the response of Cl

to the CNB is the sound horizon at decoupling, rsðt"Þ. The
sound horizon is smaller than it would be without the
presence of the CNB, because the fractional expansion rate
H ∝ ρ̄1=2tot . If we scaled up the fractional expansion rateH at
all times by a factor α, the decrease in time it takes for the
temperature to drop to T ≃ 0.3 eV would lead to rs ∝ 1=α.
The angle rs subtends, θs ¼ rsðt"Þ=d where d is the
angular-diameter distance to the last-scattering surface,
strongly influences the locations of the acoustic peaks
such that δlp ¼ lpδθs=θs. If we knew d, we could use this
effect alone to measure the energy density in the CNB.
However, d depends on the (otherwise unknown) value of
the cosmological constant.
In Fig. 1 we show a series of plots where we vary Nν

while holding certain other quantities fixed, in order to
demonstrate the observable consequences of various effects
of neutrinos. Because θs, baryon densityωb, and the ratio of

matter to radiation density ρm=ðργ þ ρνÞ are well deter-
mined by the data, in all rows we show variations with these
parameters fixed. In the top row one can see the impact of
Nν on the typical distance a photon diffuses prior to last
scattering, rd. This diffusion suppresses anisotropy for
modes with wavelengths λ≲ rD, with an approximate
effect of Cl → DlCl where Dl ≃ exp½−ðlθDÞ1.18'where
θD ¼ rD=d. Because the diffusion is a stochastic process it
scales with expansion rate as 1=

ffiffiffi
α

p
rather than 1=α as rs

does. These different scalings mean that while we adjust d
to keep θs fixed, we get θD ∝

ffiffiffi
α

p
. Thus for Nν ¼ 5, the

expansion rate is greater, leading to larger θD and more
damping.
To visualize more subtle effects of the CNB, we can vary

the primordial fraction of baryonic mass in helium, Yp, to
keep θD fixed as well [6]. Doing so in the middle panel,
we can see an impact of the perturbations in the CNB. As
an initially over-dense region compresses under the influ-
ence of gravity, the compression does not occur rapidly
enough to prevent the gravitational potential from decaying
due to the expansion-driven drop in density. By the time
pressure gradients halt the compression, the gravitational
potential has nearly completely decayed. The result of this
temporary time-dependent gravitational driving of the
acoustic oscillations is a change to the subsequent ampli-
tude and phase so that the amplitude of a standing wave is
A0 cos½krsðtÞ þ ϕ'. The values of A0=A and ϕ depend on
the details of the potential decay, and in particular on the

FIG. 1 (color online). Undamped power spectraKl [defined in Eq. (1)] with different values of Nν. In all panels the baryon density ωb,
the ratio of matter to radiation density ρm=ðργ þ ρνÞ, and the angular size of the sound horizon θs are held fixed as these are well
determined by CMB data fairly independently of the assumed value of Nν. In the top panel the dominant source of variation is the
change in the damping scale θD caused by the changes in Nν. In the middle panel we fix θD by varying the primordial fraction of
baryonic mass in helium appropriately, leaving the dominant source of power spectrum variation as the change in oscillation amplitude
A0. Finally, in the bottom panel, with the spectra normalized to remove the effect of A0 variation, one can see the subtle impact of the
shifts in temporal phase ϕ. The data points are the 2013 Planck data.
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Theory:	Magne0c	Torque

• Neutrino	background	splits	electron	energy	levels	
(spin	effect	➞	magne0c	effect)	

• For	one	flavour	

• Caveats:	
• Experimentally	difficult	(magne0c	effect)	

• Needs	lepton	asymmetry	

�34

aR
GF

=
NAV

AmAV

2
�

2

�
GF �*J"

�
�

R

�

�=e,µ,�

(n�� � n�̄�) g�
A

aR
GF

� 4 · 10�29 n�̄µ � n�µ

2 n̄�
+Kfb2

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Stodolsky	'75]
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Theory:	Scagering	I
• The	basic	formula	

• Incoming	flux:	

• #nuclei	in	1g	test	material:	

• Neutrino-nucleus	cross-sec0on:	

• Coherence	factor:	

• Average	momentum	transfer:
�35
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[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]
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Theory:	Scagering	II

• Neutrinos	can	come	in	three	kinema0cs	
• rela0vis0c	(R)	

• non-rela0vis0c	non-clustered	(NR-NC)	

• non-rela0vis0c	clustered	(NR-C)	

• Two	important	numbers	
• The	cross-sec0on:	

• The	coherence	factor:

�36

���A � 10�27 T# = 10�63 +K2
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NAV
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� � 1020

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]
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Wind	vs.	Nudges	I
• The	scagering	rate	

• Numbers	for	the	CNB
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Wind	vs.	Nudges	II

• Solar	neutrinos	

• Cold	WIMP	Dark	Mager	(mX		>	1	GeV)	

• Light	WIMP	Dark	Mager	(mX		=	3.3	keV)  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Helicity	Composi0on

• Dirac	neutrinos	
• leT-handed	ac0ve	neutrino:	

• right-handed	ac0ve	an0-neutrino:	

• right-handed	sterile	neutrino:	

• leT-handed	sterile	an0-neutrino:	

• n0	=	56	cm-3

�39

n(⌫̄hR) = n0

n(⌫hL) = n0

n(⌫hR) ⇡ 0

n(⌫̄hL) ⇡ 0

[Long,	Lunardini,	Sabancilar	’14]
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Helicity	Composi0on

• Majorana	neutrinos	
• leT-handed	ac0ve	neutrino:	

• right-handed	ac0ve	neutrino:	

• right-handed	sterile	neutrino:	

• leT-handed	sterile	neutrino:	

• n0	=	56	cm-3

�40

n(⌫hL) = n0

n(⌫hR) = n0

n(NhR) ⇡ 0

n(NhL) ⇡ 0

[Long,	Lunardini,	Sabancilar	’14]
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Capture	Cross	Sec0on

�41

[Long,	Lunardini,	Sabancilar	’14]
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dependent slope of 19.6kJ/mol, corresponding to approximately 0.42eV binding energy for
hydrogen. This measurement is being repeated with tritium on graphene. The chemical
absorption process places individual tritium atoms in the sp-3 orbital of the 12C nuclei in
alternating sites on the top and bottom sides of the graphene layer, as shown in Figure 5 for
the example of a graphene nanotube. The binding energy of tritium on graphene is an order
of magnitude weaker than the T2 binding energy. The di↵erential density of final states
of the 3He is expected to be reduced by an order of magnitude. By binding the tritium to
individual layers of graphene, the high conductivity of graphene is also expected to eliminate
the e↵ect of charging and voltage reference shifting observed by the Mainz experiment. The
conductivity of graphene is reduced by the hydration of the graphene, and therefore the
uniformity of the voltage reference will need to be studied for fully and partially hydrated
graphene.

The technology of graphene-held atomic tritium is in under development by the PPPL
nanotechnology lab for use in the PTOLEMY experiment. Hydrogen plasma temperatures
below 1eV have been achieved for the hydration of graphene. The method of cold plasma
fabrication of graphene sheets creates a substrate of a single atomic layer. Existing sample of
tritium held on graphite tiles are being examined to identify whether the predicted chemical
absorption binding mechanism is observed for tritium. Similarly, the absence of 3He bound to
the graphene surface would provide important input on the possible final states of graphene-
held tritium � decay. The spectrum of excited states generated by an endpoint electron
emission from a tritium atom bound to graphene to the 3He final state is under numerical
study. Given the narrow phase space of the decay process near the endpoint, the population
of the excited states has an important impact on the shape of the �-decay spectrum. A
similar evaluation of the neutrino capture signal process is under study.

Figure 5: The hydration of graphene places an individual hydrogen isotope at every carbon
site, alternating front and back layers.

The challenges of developing the PTOLEMY tritium target are common to many aspects
of hydrogen fuel cell development. The graphene-bound tritium target would hold 20% by
weight of tritium and be stable at room temperature. The reusability of the graphene for
tritium storage and the spacing of graphene layer to allow e�cient flow of tritium in and

7

Tri0um	Target

• Tri0um	half-life	12.32	yr	

• Princeton	Plasma	
Physics	Lab	has	high	
intensity	tri0um	source	

• Use	graphene	as	
substrate	exposed	to	
tri0um	plasma	

• Plan:	100	g	tri0um	target	
material

�42

[PTOLEMY	’13]
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MAC-E	Filter
• Magne0c	Adiaba0c	Collima0on	followed	by	

Electrosta0c	filter	

• Proposed	in	1980	by	Beamson	et	al.,	used	in	Troitsk,	
Mainz,	KATRIN	

• Theory	of	opera0on:	
• Guide	electrons	magne0cally,	adiaba0cally	to	a	detector	

• Varying	magne0c	fields	rotate	the	electron	momentum	along	the	
field	lines	

• Superimpose	perpendicular	electrosta0c	field	which	filters	low	
energy	electrons

�43
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MAC-E	Filter

�44
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MAC-E	Filter

�45
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Figure 9: An example transmission curve as a function of initial electron energy.

sharp cuto↵ – the main role of the MAC-E filter is to remove enough of the spectrum below
the endpoint so that the detector may function without being swamped by large signal rates.

4.1 Segmented Magnetic Ducts

The electrons from the tritium target follow a unique set of magnetic field lines through the
MAC-E filter, RF tracker, and calorimeter. This property of the PTOLEMY experiment
facilitates the division of tritium target into separate containers with a system of magnetic
ducts, shown in 10. The size of the gap and the ratio of the gap length to the radius of
the duct changes the value of the ratio, Bmax/Bmin, of the minimum value of the magnetic
field at the center of the gap to the magnetic field in the duct. PTOLEMY is targeting
the region of 102–103 in Bmax/Bmin to achieve adequate rate reduction for tritium �-decay
electrons reaching the calorimeter. These values are plotted in figure 11 for duct radii of
5cm and 10am. O↵-axis, the minimum B field can drop by an additional order of magnitude
depending on the relative location of neighboring flux tubes.

4.2 Dome Geometry

The non-uniformity of the Bmax/Bmin ratio for the MAC-E filter can be minimized by choos-
ing a packing for the magnetic duct geometry. The dome geometry, shown in Figure 12,
achieves a relatively uniform cut-o↵ for most of the range, which runs from -20 cm for target
area radii that feed streamlines that run near the central axis of the dome and to +20cm
for streamlines that run farthest from the dome axis. The largest non-uniformity is farthest
from the other magnetic duct field lines. A large number of closely packed ducts can be
made more uniform. The Bmax/Bmin ratio for the dome geometry is shown in Figure 13.
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Nb Leads
TES

Si

Multi-layer 
superconducting 

shield (ALD)

G set by e-ph coupling ��T5

ΔE = 0.15 eV @ 100 eV

e-

Figure 18: Design concept for a high resolution, transition-edge sensor(TES) with normal
regions to allow for electron transport on magnetic field lines that thread through the thermal
mass of the calorimeter.

7 Trigger and Data-Acquisition

The raw rate of electron production from tritium �-decay for 100grams of tritium is roughly
1016 electrons/second. The fraction of �-decays within 100 eV of the endpoint is approxi-
mately 2⇥ 10�7. This fraction scales as m3

⌫ , the neutrino mass, and therefore within 0.1 eV
of the endpoint, the event rate is 2 ⇥ 10�16 of the raw rate, or approximately 2 Hz in the
signal region. With 105 readout channels, the average rate per channel is 10–20 kHz. The
degree to which the distance to the endpoint can be reduce depends on the precision of the
MAC-E filter cut-o↵, with a target precision of 10�2–10�3. Therefore, bringing down the
�-decay rate impinging on the calorimeter to 1 kHz per channel for 105 channels is possible
within the range of design parameters for the MAC-E filter.

With a microwave-readout massive SQUID multiplexer(MMSM) capable of combining
103 channel of calorimeter readout, each is approximately 1 MHz of bandwidth, the total
calorimeter readout is expect to have approximately 100 MMSM readout channels, each
operating at 1–10 GHz.

The RF tracker will have the same occupancy as the calorimeter with 105 individual
waveguides each operating at 38–46 GHz with a bandwidth of roughly 100 MHz. For ap-
proximately 1 µsec RF tracker transit times over a window of 10 µsec of calorimeter-RF track
coincidence, approximately 1000 samples of 10ns flash-ADC data will need to be pipelined
and fed through a digital trigger that evaluates the RF tracker amplitude data, the calorime-
ter data, and data from the muon veto system. The background rejection algorithms will

20

Cryogenic	Calorimeter

• Design	goal	resolu0on:	
0.15	eV	@	100	eV	

• Combina0on	of	

• Superconduc0ng	
quantum	interference	
devises	(SQUIDs)	

• Transi0on-edge	
sensors	(TES)	

• Tests	at	T	=	70	mK

�46
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